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Multiple regression on catchment characteristics is used to 
obtain regional equations of the Log Pearson Type III descriptive 
parameters, mean, standard deviation and skew coefficient for 
the annual flood series. The estimates of the descriptive 
parameters are incorporated into a regional design flood 
estimation model which utilizes the Log Pearson Type III 
frequency factors listed in Table 9.3 of Australian Rainfall 
and Runoff. The resulting equation provides estimates of peak 
discharge of specified occurrence frequency.
Eighty-four variables including arithmetic and logarithmic 
transformations were investigated. From this list seven (three 
geomorphic, three climatic and one regional) are recommended 
for use in future research in the region utilizing multiple 
regression techniques.
Two sets of regional equations are recommended for mean and 
standard deviation. No significant relationship was obtained 
to estimate a skew coefficient.
The investigation also studied the influence of sample size on 
the result and concludes at least 50 catchments are required to 
make valid quantitative evaluations of the benefit of 
stratification into categories based on regional location, 
catchment area or the influence of length of gauging station 
record on the results.
Ill
Two regional flood estimation models incorporating the 
alternative means and standard deviation are recommended. Both 
equations have a statistical accuracy equivalent to five years 
of gauging station records. The second alternative is slightly 
more suited to design because the variables are more readily 
measured.
equation 1 was qualitatively compared with three appropriate 
regional flood estimation methods (Boyd 1978b, Pilgrim & 
McDermott 1931 and Gordery 8c Webb 197*f). The comparison 
indicated the equation gave statistically compatible results 
to those obtained by Boyd but could not obtain the reported 
accuracy of Pilgrim 8c McDermott. However a valid quantitative 
evaluation would require an investigation using at least 50 
independent catchments. In this respect no conclusion should 
be made as to the more reliable method.
An appendix to the report provides relationships between 
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A. INTRODUCTION.
The estimation of a design flood is an obvious requirement for 
the hydraulic design of structures in natural water courses. 
Various formulae have evolved during the last 100 years as a 
means of solving this problem for ungauged catchments. 
Mclllwraith (19A5) listed over AO formulae and Benson (1962) 
described the evolution of methods of evaluating the occurrence 
of floods.
The problem has not been resolved and Cordery & Pilgrim (1980) 
provide detailed evidence of the importance of improved flood 
estimation methods with specific reference to Australia. Since 
the early 1960’s regional flood frequency techniques have 
evolved as an appropriate method of estimating the magnitude 
and frequency of peak discharges for ungauged catchments within 
a specific region. Application of the method in the U.S.A. is 
well documented, development in Australia however has been 
limited.
This study utilizes multiple regression techniques on rural 
catchments within eastern N.S.W. to obtain regional values of 
the Log Pearson Type III distribution parameters, mean, 
standard deviation and skew for the annual maximum flood 
series. These parameters are then used in conduction with a 
frequency factor to obtain the peak discharge for a specified 
frequency. The purpose of the study is to also provide a list 
of geomorphic parameters for future research using regional 
flood frequency techniques in Australia and the east coast of
2
N.S.W. in particular.
It is assumed throughout the body of this report that the 
reader is familiar with basic statistical terms such as mean, 
standard deviation and skew, statistical distributions used in 
hydrology and simple linear and multiple regression. For 
information on basic statistics the reader is referred to 
Neville & Kennedy ( 1961}- ) or Rickmers & Todd (1967) or any other 
basic statistical text. A detailed presentation of statistics 
in hydrology is presented by Yevjevich (1972) and also Kite 
(1977). Multiple regression is covered to varying degrees in 
all the previously mentioned texts. However because of the 
particular importance of multiple regression to the study a 
brief review is made in Appendix A.
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B. OBJECTIVES.
1. As a pilot study, obtain a short list of suitable geo- 
morphic and climatic indices for inclusion in future 
research involving multiple regression of catchment 
characteristics on streamflow parameters for eastern 
N.S.W..
2. Determine regional equations for estimating the Log Pearson 
Type III distribution parameters, mean, standard deviation 
and skew for the annual maximum flood series for 
application to ungauged rural catchments in eastern N.S.W,•
C. ALTERNATIVE FLOOD ESTIMATION METHODS FOR UNG ADDED
CATCHMENTS.
Webb 8c O ’Loughlin (1981) list and evaluate 15 methods of 
estimating design floods ranging from a simple relationship to 
a catchment area to more complex runoff routing techniques 
employing computers. The evaluation applied only to eastern NSW.
As stated in the Introduction there are a large range of 
empirical flood estimation formulae available to the designer. 
Many of these have been derived from overseas data and could 
not be considered as appropriate to use in Australia. Deter- 
manistic methods such as the Rational Formula rely on a con­
venient coefficient which can be used to calibrate the model 
where data is available. Whilst these methods may provide 
in specific instances accurate results, it has been shown by a 
number of researchers Boyd (1979), Cordery 8c Pilgrim (1980),
Webb. & O'Loughlin (1981) and Pilgrim 8c McDermott (1981) that 
use of the Rational Formula as detailed in Australian Rainfall 
and Runoff (1977), for example, provides very inconsistent 
estimates of peak discharge over a range of catchments.
Hydrograph synthesis models as described in A.R.&R. and 
including, unit hydrograph, synthetic unit hydrograph (eg. 
Cordery 8c Webb (1 97if)) and runoff routing models (eg. Mein, 
Laurenson 8c McMahon (1974)) are appropriate to use where; a full 
hydrograph is required eg. in retarding basin design, the 
accuracy of the peak discharge for a given frequency of 
occurrence is proven to be better than the peak flow formulae
-  5 -
and the benefits of the use of such methods exceed the costs 
involved in developing the models. Most of these models (eg. 
Unit Hydrograph, Laurenson Nonlinear Runoff Routing) do not 
provide a design flood estimate of specified occurrence 
frequency and as such are outside the scope of this study.
A summary of regional flood frequency methods for ungauged 
catchments as used by Cruff & Rantz (1965) for example is 
provided below:
Cl. INDEX FLOOD METHOD.
This method involves deriving a regional dimensionless flood 
frequency curve Q^/Q mean from gauged catchments in the region 
and determining a relationship of Q mean against area or/and 
mean rainfall. For the ungauged catchment Q mean (ie Q2.33) 
is estimated from the relationship with area and then 
multiplied by the regional flood frequency factor Q /Q mean 
to give an estimate of Q^.
The procedure is described in detail in a number of references 
(eg. A.R.&R. (1977) Boyd (1978b)being two of the more recent 
publications).
C2. MULTIPLE REGRESSION ON FLOOD FREQUENCY.
Values of (flood frequency) are obtained for all gauged 
catchments in the region and a relationship to catchment 
characteristics (such as area, mean annual rainfall, mainstream
- 6 -
slope) usually of the form:
_ ^b„c^dQt = aBu( T D .........
is derived using multiple regression. A background explan­
ation of multiple regression is presented in Appendix A.
Other descriptions of this procedure may be found in Irish & 
Cameron (1975), Boyd (1978b)as well as the literature referenc 
ed in A.R.&R. (1977).
C3. MULTIPLE REGRESSION ON FLOOD FREQUENCY DISTRIBUTION 
PARAMETERS.
This method is similar to that described in 2. above. The 
major difference being that the dependent variable in the 
regression equation is a parameter (such as mean or standard 
deviation) of a chosen probability distribution. The pro­
bability distribution could be the Log Pearson Type III (LP3) 
(as used in this study) Log - normal, extreme value (Gumbel) 
distribution or any other distribution as considered 
appropriate by the researcher.
The value of is then obtained using an equation of the form
Qt = M + KtS. 
or
I>og(QT ) = M + K^S. for log transformed distributions (eg
Log-normal, Log Pearson Type III).
where
= Peak discharge of recurrence interval T years. 
M = Mean discharge calculated using regression
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equation.
S = Standard deviation calculated using regression 
equation.
= A characteristic of the particular distribution. 
For the Log Pearson Type III distribution K̂ , is 
a function of the skew (G) and the probability of 
exceedence.
The application of the method to a number of distributions is 
described by Cruff & Rantz (1965). A search of the literature 
found no published application in Australia.
C*f. RATIONAL STATISTICAL METHOD.
The use of the Rational Method where Q = F C I^A as a stat-
j  y  y
istical model on a regional basis in Australia was first 
developed by French et al (197̂ +) and has been further expanded 
by Pilgrim & McDermott (1981) using a much larger data base.
The method involves deriving values of the coefficient of 
runoff C for a number of catchments for the flood with a 10%
(10 year) annual exceedence probability. These values of 
are then plotted for each catchment on a map of the region and 
contours of equal values drawn. A relationship of q to other 
recurrence intervals was also determined as a frequency factor 
to enable floods of various exceedence probability to be
calculated.
As with all regional flood frequency methods application of the
- 8 -
procedure has been limited because it was developed for a 
particular region, specifically in this instance the east coast 
of N.S.W.. The more recent work by Pilgrim & McDermott has 
increased the range of application further west. Development 
of the method for application to other regions is also 
constrained by the number of gauged catchments with sufficient 
length of records required and the amount of research effort
involved.
D. REASONS FOR ADOPTING SELECTED PROCEDURE.
The main reasons for using regional flood frequency techniques 
in general, multiple regression in particular and with specific 
reference to Log Pearson Type III probability distribution 
parameters are detailed below:
D1. REGIONAL FLOOD FREQUENCY.
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Irish & Cameron (1975) list three main advantages of regional 
flood frequency techniques viz.
i) the method is based directly on recorded 
streamflow data in the region .........
ii) the method is easy and quick to apply.........
iii) the method gives consistent estimates for various 
catchments in a region ...... . ..
Furthermore the result is a peak discharge of specified 
frequency of occurrence as against a discharge of unknown 
frequency of occurrence resulting from a storm of specified 
frequency of occurrence as obtained in deterministic models 
such as the Rational Method.
02. MULTIPLE REGRESSION.
Multiple regression has the following favourable characteristics
i) a large number of catchment characteristics can
10
be evaluated in various combinations.
ii ) measures of the accuracy of the equation are
provided in the form of the standard error of
2estimate (SEE), and explained variation (R ) 
(refer Appendix A).
iii ) a measure of the statistical significance of 
independent variables is provided by the use of 
the F test. (refer to Appendix A).
iv) no specific values of coefficients are assumed, 
(cf Rational Statistical Method where for example 
a value of 1.0 is assumed for the exponent of 
area in form of equation adopted).
d 3. m u l t i p l e REGRESSION ON LP3 PROBABILITY DISTRIBUTION
PARAMETERS.
The following factors contributed to the selection of this 
specific procedure:
i) The method requires only the derivation of three 
parameters to define the flood frequency curve 
for any catchment in the region whilst multiple 
regression on various QT values requires 6 or 7 
regression equations to define the flood frequency
curve.
ii ) There is a lack of published Australian
information on the procedure.
iii) The method of calculating given the mean,
standard deviation and skew is well documented 
in A.R.&R. (1977).
The use of the Log Pearson Type III distribution has been found 
to be appropriate by a number of researchers in Australia and 
overseas (eg. Boyd (1978a), Pilgrim & McDermott (1981) and U.S. 
Water Resources Council) and values of the frequency factor 
are tabulated in A.R.&R. (1977). For these reasons and to 
maintain a consistent approach to enable ready comparison 
between methods the LP3 distribution was adopted for this study 
A detailed description of the application adopted is provided 
later in the report.
Critical comment on the benefits and failures of the selected 
procedure and comparison of application of the method with 
alternative methods with particular reference to Rational 
Statistical Method (Pilgrim & McDermott 1981) and Regional 
Flood Frequency Method (Boyd 1978b) will be deferred to the 
discussion section of the report.
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E. LITERARY REVIEW.
Multiple regression in regional flood frequency studies has 
been applied in the U.S.A. (Thomas & Benson, 1970), United 
Kingdom (Flood Studies Report Vol. 1, 1975), Australia (Boyd, 
1978b) and Papua New Guinea (S.M.E.C., 1973). This review will 
describe and evaluate the methods and selected results of these 
and other appropriate researchers in the field with most 
emphasis placed on the more recent work in the U.S.A., United 
Kingdom, Australia and Papua New Guinea.
Cruff & Rantz (1965).
This study compared the results of six methods of flood 
frequency analysis to identical sets of peak discharge data.
Tv/o regions were selected, one in subhumid south coastal 
California, the other in humid north coastal California. The 
basis of comparison was the ability of the methods under study 
to reproduce the 50 and 100 year flood discharges. The methods 
considered were:
a) Index-Flood Method.
b) Multiple correlation (otherwise known as multiple 
regression) on values of Q^.
c) Logarithmic normal distribution.
d) Extreme value probability (Gumbel) distribution.
13 -
e) Pearson Type III.
f) Gamma distribution.
The last four methods involved estimation of the descriptive 
parameters of the respective distributions by multiple 
regression with basin and climatologic characteristics. The 
applicability of the evaluation by Cruff & Rantz to the present 
study is obvious.
Whilst the west coast of the U.S.A. is influenced by a diff­
erent set of climatic pressure movements than east coast N.S.W. 
the range in annual rainfalls is similar for both studies.
Thus although no quantitative comparison of results is 
applicable a qualitative assessment of conclusions is 
appropriate.
The subhumid area considered was the San Diego region of South 
Western California. The region ranges in altitude to 
approximately 2,000m, and has an average annual rainfall of 
200 to 1130mm, 73% of which falls during Winter. Only 18
stations were used in the study and they had catchment areas
2 2 ranging from 62km to 1900 km .
The humid region studied was the Northern California Coast 
Ranges and Klamath Mountains. The region has many mountain 
peaks in excess of 1800m and as with the subhumid area 73% of 
annual precipitation falls during Winter, some especially 
above 1200m, as snow. There v/ere 27 basins used in this
analysis and they had annual precipitation ranging from
to 2950mm with most in the range 1300 to 2000mm. Catchment
2 ? areas ranged from 15km to 3 1 ,000km .
Of the 27 stations available only 13 had record lengths greater 
than 10 years and only these were used in the methods involving 
multiple regression. Five of the 13 stations were in the Coast 
Ranges and 8 in the Klamath Mountains.
As will be shown later in the present study the results 
obtained using generally such a small number of catchments are 
variable. In both the subhumid and humid regions the most 
prédominent catchment characteristic not surprisingly is 
catchment area. In the subhumid region a shape factor was also 
significant in the regression of and Q1QQ. In the Klamath 
Mountains subregion of the humid region annual rainfall became 
a significant parameter with area.
The comparison of and qq values for each catchment 
obtained using the regional methods showed that all methods of 
analysis gave better results for the humid region than for the 
subhumid region. The conclusions reached in the report 
regarding the preferred method of analysis were:
a) Index-flood or multiple correlation where
historical data was available and of these two, 
multiple regression was more objective and gave 
better results.
b) Where no historical data is available, the
15 -
Pearson Type III method was considered to be most 
flexible of the methods involving distribution 
parameters.
A number of deficiencies in this study are apparent if the 
results are going to be compared to other studies. These 
include:
1) The small data base - eg. for the Klamath 
Mountain subregion only five catchments were used 
to obtain multiple regression equations.
2) A common base period of record was used. The 
result was that most stations had their records 
extended by correlation between stations. This 
provides a certain amount of bias in the values 
of distribution parameters and is not a normal 
practice in the more recent regression analyses 
carried out.
Despite these shortcomings all methods were evaluated on the 
same basis and as such the conclusions reached on the relative 
merits of each procedure are not unreasonable. The better 
results for humid regions has been found in other studies 
(eg. Thomas & Benson 1970) and the flexibility of the three 
parameter Pearson Type III and LP3 distribution is well 
documented (A.R.&R., 1977, Boyd 1978a).
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Thomas £ Benson (1970).
This study of four regions of the U.S.A. is most notable for 
the large range of streamflow indices which were regressed 
with drainage basin characteristics. In all 71 indices were 
used as dependent variables, including parameters of low flow 
(2), daily flow (3), flood peak (6), flood volumes (8), annual 
and monthly means (1 3 ) and the remainder consisted of statistics 
defining flow distribution in time namely standard deviations, 
skew coefficients and serial correlation coefficients. Also 
of interest is the range of basin characteristics used as 
independent variables. These characteristics included 
catchment area, main-channel slope, main-channel length, 
surface storage, elevation, forested area, soils index, basin 
width, alluvial area, channel characteristics, meander ratio, 
bifurcation ratio, mean flow distance, valley width, mean 
annual precipitation,mean monthly precipitation, snow, pre­
cipitation intensity, average annual evaporation, thunderstorm 
days and temperature.
The four regions were in widely seperated locations in the 
conterminous U.S.A. and consisted of the Potomac River Basin in 
the East, Missouri and Arkansas River tributary basins in the 
Central region, Red River tributaries and gulf coast drainages 
in the South and Californian Central Valley in the West. Not 
all the basin characteristics v/ere utilized in each region.
For example valley width was only used in the Central region, 
and the snow index was not used in the Gulf Coast region.
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Again although the climatic conditions in the regions studied 
by Thomas & Benson are not similar to the east coast of N.S.W., 
the results of the study are useful in selecting catchment 
variables for use in the analysis. In this regard the most 
significant variables included drainage-basin size and mean 
annual precipitation whilst forest cover, snow and surface 
storage also proved useful but regionally variable indices.
Another important finding in Thomas & Benson's research was the 
greater accuracy obtained in estimating midrange flow compared 
to high or low range flow characteristics. This factor 
naturally had an influence in selecting a regional model which 
had as a basis the estimation of a mean flow. The definition 
of relations for estimating skew and serial correlation coeff­
icient were not successful. This finding has been consistent 
with other research work (Cruff & Rantz 1965, for example) and 
proved to be the case for the current study.
The Thomas & Benson work has also been reviewed by Irish & 
Cameron (1975) in which a detailed breakdown of significant 
variables and number of occurrences in the derived equations 
is provided. There appears to be no reason to paraphrase
that review and the reader is referred to the paper.
-  18 -
Bock, Enger, Malhotra and Chisolm (1972).
This study was carried out on rural catchments in the cont-
2erminous U.S.A. with areas less than 65km . A brief discussion 
of the report has been made by Irish 8c Cameron (1975)» This 
review will concentrate on the statistical design of the study 
which according to Irish 8c Cameron was one of the noteworthy
aspects of the research and •.... serves as a model to others
who wish to use statistical methods for a multiple regression 
technique for developing a regional flood estimation procedure'.
The study was divided into five phases to test various 
hypotheses leading toward the development of equations for 
flood frequency estimation on small rural catchments.
Phase 1 involved dividing the predictor variables into the 
catagories topographic (eg. area, mainstream length), 
hydrologic-climatic (mean annual precipitation, mean annual 
temperature) and physiographic (soil type, percent forest). 
Stepwise multiple regression was then performed on each of the 
first two catagories with Log and Log as the dependent
variable. Further regression was carried out on the combin­
ation of topographic and climatic catagories and also in 
combination with the soils subset of the physiographic 
category. In all five experiments were performed in this phase 
and the conclusions were:
a) Topographic variables contain the most useful
information.
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b) Climatic factors add less but still useful 
information.
c) Soil variables (as used in the study) added a 
minimal contribution and therefore were removed 
from further consideration in the study.
In Phase 2 the functional form of the predication equations 
were evaluated. In particular the following combinations of 
logarithmic, arithmetic and nonlinear equation were invest­
igated.
a) Predictand and Predictors in Arithmetic Form.
b) Logarithmic Predictand, Arithmetic Predictors 
(from phase 1 ).
c) Logarithmic Predictors and Predictand.
d) Logarithmic Predictand and Mixed Logarithmic, 
Arithmetic Predictors.
e) Logarithmic Predictand, Nonlinear Predictors 
(two forms considered).
The various equations were evaluated using an independent data 
set and making various statistical comparisons. The conclusions 
reached in this phase by elimination was that a ‘functional 
form consisting of a logarithmic predictand is preferred* and
'the form of the predictors cannot be resolved'
20
Phase 3 investigated the hydrologic homogeneity of basins by 
stratification into five groups involving a total of 9 equations« 
The groups were:
a) Mean Annual Flood.
b) Climatic (3 subsets).
c) Topographic (2 subsets).
d) Physiographic (2 subsets).
e) Geographical.
Based on the results of comparisons, three methods of stratif­
ication were retained for further evaluation. They were Mean 
Annual Flood, Mean Annual Temperature and Average Basin 
Elevation.
Phase l\ involved modification of national equations developed 
in Phase 2 by incorporation of stratification factors considered 
appropriate from Phase 3* The national equation with regional 
factors proved the best relationship on the basis of the sign 
test which tallies the number of times method A is better than 
method B.
Phase 3 attempted to determine if the equations could be 
simplified without too much loss of prediction accuracy by 
eliminating some of the more time consuming variables such as
Tributary Length. One of the equations developed which
21
included two stratification factors yielded only slightly 
poorer results than the best results achieved of other equations.
It is seen that this study incorporated a very systematic appr­
oach to the derivation of equations and also involved very 
extensive testing and evaluation procedures using an independ­
ent data set. In fact the whole scope of the work was very 
wide with
a) 8 Predictands (if logarithmic and if arithmetic)
b) 223 Predictors (101 arithmetic, 47 logarithmic 
and 75 nonlinear)
and c) 84 equations developed.
The data base used was also large. It involved a total of 493 
watersheds with an average of 18.3 years of record and no 
records less than 12 years. A random sample of 98 basins 
was extracted from the data base for testing of the equations 
developed.
It is because of the comprehensive nature of this research that 
the breakdown into various phases was necessary and further the 
large data base enabled a range of stratification factors to 
be utilized. The results of this work influenced the selection 
of variables and also the use of the logarithmic form of the 
predictands in the current study.
It is interesting to note that despite the extensiveness of the
22
work the accuracy of equations was not as good as the four
regional methods developed by Thomas & Benson (Irish & Cameron
1975). Irish & Cameron attribute this to the limited number
of streamflow records for small catchments. This appears odd
when more records were used by Bock et al than Thomas & Benson.
In fact it will be demonstrated later in this study that the
comparative Accuracy' of regression equations as measured by
2lower standard error of estimate and high R can be misleading
2in that a small sample can result in a low SEE and high R
value.
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Flood Studies Report Vol. 1 1973«
(Natural Environment Research Council).
The relevance of this research is in the use of a mean annual 
flood as the dependent variable, the inclusion of data with 
only 5 years of record (a departure from the other studies 
reviewed) and to a lesser extent, the significant variables 
recommended and research methods used. Again the region 
studied has no similarities either topographically or climat­
ically with east coast N.S.W..
The study region consisted of 532 gauged stations in Britain
2 2and Ireland with catchment areas ranging from 0.5km to 7000km . 
To manipulate this information one of the first considerations 
of the project v/as to set up a comprehensive data base which 
contained various estimates of mean annual flood and basin 
characteristics. A similar concept was used by Bock et al in 
the U.S.A..
It is interesting to note that earlier research in the Flood 
Studies Report indicated that no particular statistical 
distribution gave statistically better results in the definition 
of flood frequency curves. In that respect regional dimension­
less flood frequency curves were derived in which the magnitude 
of a flood of any return period for a catchment could be 
obtained by multiplying the Mean Annual Flood by the relevant 
frequency factor. The similarity to the Index Flood Method is 
readily apparent. For ungauged catchments the estimate of 
Mean Annual Flood is obtained by the regression equations. On
Page 313 of the Report it states: * If a particular statistical 
distribution had been shown to be most suitable to describe 
flood frequencies, it would have been appropriate and convenient 
to try to relate the two or three parameters of this distribut­
ion to catchment characteristics'.
The study also attempted to derive relationships for coefficient 
of variation. No statistically significant relationship was 
obtained.
The range of catchments characteristics was by no means as 
broad as the study by Bock et al. Only 10 independent variables 
were selected as being potentially suitable and of these 10 
where two variables measured the same characteristic (for 
example there were two measures of slope) and where similar 
results were obtained (in terms of standard error of estimate) 
than the more easily calculated variable was selected for 
further testing.
The variables included catchment area, main-channel slope 
(2 measures),stream frequency, climate (3 indices),soil index, 
urban area and lake area. The preliminary testing indicated 
that division of the data into 7 regions also improved the 
results and the final equations consisted of six variables, 
the urban area index being insignificant in 6 regions and was 
considered in the 7th.
It is worth noting that in both the Flood Studies Report and 
the work by Bock et al considerable effort was made to define
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new indices. For example the Flood Studies Report derives one 
index of climate RSMD as the ’net one day rainfall of 5 years 
return period’ the rainfall was net in that a 'mean soil 
moisture deficit' was subtracted. The problem with using 
parameters not readily accessable or previously defined is that 
considerable research effort is required to define those 
variables, ensure consistent estimates can be obtained and that 
the variables can be readily calculated. Having done this the 
variable may not be significant or may be only marginally better 
than a more readily defined index. For this reason no attempt 
was made to define parameters,not readily obtained from 
existing published information,in the current study.
Perhaps the major deficiencies of the Flood Studies Report were 
the small range of variables considered and the fact that only 
the logarithmic form of equation was used (cf Bock et al). 
Naturally it is recognized that many variables are highly 
correlated and that the independent variables should be 
'independent'. However Bock et al report (page 5) that 'there 
is no requirement in regression analysis that the predictors be 
independent'. This will be qualitatively expanded on in relat­
ion to the current study later. As to the functional form of 
the equation, if a mixture of arithmetic and logarithmic 
predictors are used and give a lower standard error of estimate 
compared to an all logarithmic form then there appears to be no 
reason not to use the mixed equation.
Irrespective of these deficiencies the results obtained in 
terms of standard error of estimate and R2 were reasonable and
compared favourably v/ith other studies.
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Snowy Mountains Engineering Corporation (1973)«
Again this report on flood estimation procedures for Papua New 
Guinea bears no regional relationship to east coast N.S.W..
The significance is in the variables considered and the traps 
in regional flood frequency studies. The work is also reviewed 
by Irish & Cameron (1975)»
The method involved deriving multiple regression equations for 
and Q1q/Q2 using log transformed data. Forty-three stations 
were used with a minimum of 7 years of record. A further 15 
stations with lower quality records were used to check the 
derived equations. The discharge for return period T years 
is obtained by multiplying the value of by a frequency 
factor v/hich is a function of Q-jqA^«
The independent variables considered were catchment area, a
rainfall intensity index, main-channel slope, rainfall slope
index, catchment elevation, length of main-channel and
proportion of catchment covered with dense forest. The
variables found to be significant were area, rainfall intensity
2index, and slope for areas less than 500km „ Only area and 
rainfall slope index were significant in the Q-jq/Q2 relationship.
The catchments for estimating were stratified into two
- 2 2 groups - those less than 500km and those greater than 500km
t
and this is where a problem arose in application as reported
2by Irish & Cameron. Apparently a estimate for a 525km
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catchment, was smaller than other catchments on the same road
2with areas of about 300 - LfOO km .
This emphasises the care which must be taken when stratification
is performed and the problems that can arise near the boundaries
of artificially selected zones. It also demonstrates the care
which is needed in extrapolating results. In this particular
2examples the relationship for catchments greater than 500km
was derived from a data set with the smallest catchment being
2 2 850km and the largest catchment in the 500km or less group
was 250km^.
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Boyd (1976b),
Boyd has provided the only published research that could be 
found by the author which covered,the same region and used 
similar methods. This study in effect provides a benchmark for 
evaluating the results of the present research. Many of the 
direct comparisons between the studies will be made in the 
detailed analysis of results, it remains in this review to 
summarise the methods and general aspects of the paper and 
point out the limitations and strengths. It is worth noting 
that other design flood methods have been derived for the region 
(Pilgrim & McDermott, 1981, Cordery & Webb, 1972+) but these 
employ different procedures.
The study utilized streamflow records from 79 catchments with 5
pto ¿+3 years of record and ranging in size from 9.0 to 2 2 ,300km . 
Twenty eight catchments were located west of the Great Dividing 
Range and classified as inland catchments.
Multiple regression techniques were used with the dependent 
variable being selected values obtained by Log Pearson Type 
III distribution analysis of the annual maximum flood series 
of the catchments. Only four independent variables were 
considered; area, main stream length, main stream slope 
(calculated as the average slope between points located at 10% 
and”83% of the main stream length) and median annual rainfall. 
The logarithmic functional form of equation was used.
The results obtained showed catchment area the most significant
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variable followed by median annual rainfall, main stream length 
(all significant at the 1% level) and finally slope which was 
not significant at even the 3% level. The recommended equation 
involved only two variables,catchment area and median rainfall. 
The standard error of estimate for the recommended equations 
ranged from 0.2if5 log units (+76%, -¿f3%) for t0 0*3^0 log 
units ( + 1 19 %, -6**%) for Q1 Q Q .
The major deficiency in this study is the limited number of 
morphometric and climatic indicies considered compared to the 
earlier studies in the U.S.A. and also in Papua New Guinea. 
Needless to say the final recommended equations are confirmed 
as being an appropriate selection from the results presented 
later and are fully justified.
One point mentioned in the paper is the value of main stream 
length and slope being dependent on the map scale. Boyd to a 
large extent minimised the influence of this by using a map 
scale of 1 : 230,000 or larger. The problem with using such a 
large scale is that a certain amount of detail is lost for 
catchments smaller than say 100km . McDermott & Pilgrim (1980, ) 
overcame this problem by using a standardised slope and main­
channel length. Elimination of the variables in the recommended 
equation eliminated the influence of map scale, in application 
to design problems.
The problems arising from variable selection will be deferred
to the discussion section.
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The regional equations developed by Boyd have been compared 
v/ith other flood estimation methods in the region (Boyd, 1 979, 




The study region is located on the east coast of N.S.W., 
Australia between approximately latitudes 28°S to 37°S and 
longitudes 1A9°E to 153°30fE. The location is illustrated 
in Figure 1«
The eastern boundary is the Pacific coastline, whilst the Great 
Dividing Range in general defines the western limits. There 
are no specific climatic borders to define the north south 
limits and the respective Queensland and Victorian State 
borders form convenient albei t artificial boundaries.
The climate in the region is classified eastern temperate. 
Rainfall is relatively uniform throughout the year but the 
wettest months are in January and March whilst the driest are 
on average August - September. Snow falls above 1000m to a 
limited extent near Armidale in the north and dominates the 
precipitation in the Snowy Mountains area in the south. The 
northern rainfall is influenced by tropical air masses and 
tropical cyclones. The southern area is more influenced by 
extra-tropical cyclones or cold fronts. The average annual 
rainfall for the catchments in the region ranged from 2000mm 
to 600mm. Temperatures range from -10°C in the Snowy Mountains 
in Winter to ¡+0°C in various locations in Summer.
The topography ranges from flat plain through to undulating
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mountainous. On the coast are found the coastal plains and 
larger river basins, towards the west.the landform rises as 
an escarpment with peaks of 1600m. In the south the region 
is very mountainous containing the highest peak in Australia 
at 2230m.
2 2 ,. .Catchment areas were in the range 8km to 5258km . The distrib-
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201001 Oxley River at SUNGELLA.
201 00£f Tweed River at KÜNGHUR.
201 005 Tweed River at BOATHARBOUR NUMBER 2.
202001 Brunswick River at DURRUMBIL.
203002 Coopers Creek at REPENTANCE.
20 3OO7 Terania Creek at BLAKES.
2 O3OÛ9 Back Creek at BENTLEY (Bucklands Bridge).
203010 Leycester Creek at ROCK VALLEY.
2 O3OI2 Byron Creek at BINNA BURRA.
203013 Wilsons River at FEDERAL.
203025 Marora Creek at ALSTONVILLE.
20Zt005 Nymboida River at BUCCÜRUMBI.
20/f 008 Guy Fawkes River at EBOR.
20/fOI 1 Deer Park at DEER VALE.
20/f 01 5 Boyd River at BROADMEADOWS.
20/fOI 6 Little Murray River at NORTH DORRIGO.
20/4.01 7 Bielsdown Creek at DORRIGO NUMBER 2.
20/f 01 9 Nymboida River at BOSTOBRICK.
2 ON 020 Blicks River at DUNDURRABIN.
20/f 021 Blicks River at HERNANIA.
20/f 02/f Wild Cattle Creek at MEGAN 2.
20/f O25 Orara Creek at KARANGI.





























204036 Cataract River at SANDY HILL.
20A0A3 Peacock Creek at BONALSO.
206001 Styx River at JEOGLA.
206005 Oaky River at XEMPSEY ROAD.
206009 Tia River at TIA.
206010 Yarrowitch River at YARROWITCH.
20601 5 Chandler River at 2URANGILLY.
206017 Serpentine River at THE HATCHERY.
206020 Styx River at SERPENTINE.
207002 Big Creek at ELANDS (Also known as
Brinawa Creek).
207003 Ellenborough River at GLENWARREN.
208001 Barrington River at BOBS CROSSING.
208006 Barrington River at FORBESDALE.
208007 Nowendoc River at NOWENDOC.
208008 Gloucester At FORBESDALE.
2 10 0 11 Williams River at TILLIGRA.
2 10 0 17 Moonan Brook at MOONAN BROOK.
210 0 19 Omadale Brook at ROMA.
210 0 22 Allyn River at HALTON.
210026 Congewai Creek at EGLINFORD.
2 1 0029 Rouchel Brook at UPPER ROUCHEL.
210 0A2 Bowmans Creek at RAVENSWORTH.
210045 Saltwater Creek at PLASHET0
21200 1 Nepean River at MAGUIRES CROSSING.





k S 21200 3 Burralow Creek at KURRAJONG,
A9 212008 Coxs River at BATHURST ROAD.
50 2 12 2 10 Avon River at AVON WEIR.
51 215 0 0A Corang River at HOCKEYS.
52 215009 Endrick River at NOWRA ROAD.
53 218003 Yowrie River at YOWRIE.
5A 219001 Rutherford Creek at BROWN MOUNTAIN.
55 21 900A Tantawanglo at THE SCHOOL.
56 222502 Crackenback at THE CREEL.
TEST CATCHMENTS.
a) 2 OA033 Rocky River at BILLYRIMBA.
b) 20A0A0 Koreelah Creek at HEWETSONS MILL.
c ) 205003 Never Never Creek at SLINGSBYS ROAD
d) 205007 Woolgoolga Creek at WOOLGOOLGA.
e ) 2 060OA Gar a River at GARA.
f ) 206008 Commissioners Water at TIVERTON.
g) 20601A Wollombi Creek at CONINSIDE.
h) 206018 Apsley River at APSLEY FALLS.
i) 207006 Forbes River at BIRDWOOD.
j) 208002 Manning River at TOMALLA.
k) ’ 2 110 0 1 V/yee Creek at WYEE.
-  39 -
F2. CATCHMENT CHARACTERISTICS
F2.1 Catchment Locations.
The location of catchments in this study are shown in Figure 2. 
Table 1 provides gauging station information. The numbers in 
Table 1 refer to the catchments in Figure 2.
F2.2 Catchment Selection.
Catchments were selected on the basis of information availab­
ility, length of record and catchment size.
A study by Ramsden (1980) on regional skew coefficients provided 
the descriptive parameters to be used as dependent variables.
The catchments used by Ramsden met certain criteria considered 
appropriate in meeting the objective of the project. Those 
criteria were;
a) Relatively long lengths of records (15 years was 
minimum, 58 years maximum - average 27.38 years).
2b) Broad range of catchment areas (minimum 8km ,
2maximum 5258km ).
c) Information should be reliable (source was Water
' Resources Commission of N.JS.W.).
Fifty-six catchments were used to derive the relationships 
between the selected statistical parameters and catchment
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characteristics. A further 11 catchments were used to test 
the final relationship.
Data for the test catchments was obtained from Boyd (1978a) 
and McDermott & Pilgrim (1980 .). The basis of selection was 
the catchments to be in the region, catchment details were 
contained in both sources and the catchments cover as far as 
possible the broad range of characteristics used in the 
derivation.
F2.3 Variable Selection. ,
A summary of the variables used in this study is provided in 
Table 2. Details on basis of selection are provided below.
F2.3.1 Dependent Variables.
Flood frequency curves may be fitted to observed flood data 
by plotting the data and drawing subjectively the curve which 
appears to fit the points best or alternatively by fitting a 
mathematical function to the observed data. Boyd (1978a) 
found the Log Pearson Type III distribution to be suitable in 
application on N.S.W. streams. It is also a recommended 
distribution in A.R.&R. (1977)o
The dependent variable in regression analyses may be selected 
values from the flood frequency curve or parameters which 
define the curve. Boyd (1978b) used values obtained by 




1. DEPENDENT VARIABLES «
MLPAF (iog m^/s): Mean of the log of peak annual flood.
SE (log m'Vs) : Standard deviation.
G : Coefficient of skew.
CV : Coefficient of variation.
2. INDEPENDENT VARIABLES.
a) Climatic.
PAM (mm) : Average annual Precip. from map.
PAS (aim) : As above from rep. station.
P50M (mm) : Median annual precip. from map.
P50S (mm) : As above from rep. station.
P90M (mm) : 90% annual precip. from map.
P90S (mm) : As above from rep. station.
P1OM (mm) : 10% annual precip. from map.
PI OS (mm) : As above from rep. station.
RP901 OM : P90M/P10M.
DP901OM (mm) : P90M - P10M.
1122 (mm/hr) : Rainfall Intensity 12 hour duration 2 yr
average recurrence.
I722 (mm/hr) : As above 72 hour duration.
II2 5 O (mm/hr) : As above 12 hour/50 year.
TAB LE 2 Continued
17 2 5 0 (mm/hr) As above 72 hour.
RD Rain days (greater than 0.2mm).
WM Wettest month (average).
DM Driest month.
PWET (mm) Precipitation for wettest month.
PDRY (mm) Precipitation for driest month.
EVAP (mm) Average annual evaporation.
RI12 112 5 0 / 1 1 2 2 .
RI72 17250/1722.
RPWD PWET/PDRY.
Dll 2 (mm) 112 5 0 - 1 1 2 2 .
DI72 (mm) 172 5 0 - I7 2 2.
DPWD (mm) PWET - PDRY.
b) Geomorphic / Topographic.
L (km)
SI 085 (m/km) 
SDMR (ra/km)
SARR (m/km)






Main stream slope between 0.85L and 0.1 L. 
Weighted average main stream slope from DMR 
Form 371 A.
Average main stream as detailed in eqn. 8.5 
A . R . &R •.
Average elevation 0.85^ and 0.1L.
Average elevation 0 and L.
Catchment area.
Forest area ratio to total area.
Lake and swamp area ratio.





Catchment shape factor from Figure 7 DMR Form 
37 VA.
Shape factor 2, ratio of L to diameter of 
circle with area A.






National gauging station basin.
Latitude.
Longitude.
Distance of catchment centroid from coast.
Logarithmic transforms of the above variables are prefixed 
with an L.
Other variables included in computer reports:
STN : National gauging station number.
YRS : Years of gauging record.
flood series. It would appear appropriate to determine if 
relationships between catchment characteristics and the param­
eters defining the distribution can be derived.
The descriptive parameters used are mean, standard deviation 
and skew of the logarithms of the annual flood series.
The annual flood series was selected because:
a) it enabled a comparison with work carried out by Boyd.
b) it is approximately equal to the partial duration series 
for return periods greater than 10 years.
c) it avoids any problems in selecting a suitable threshold 
flood and reduces the interdependence of data.
d) sufficiently long periods of record were used to reduce the 
effect of abnormally high or low discharges on parameter 
evaluation.
Values of the dependent variables were obtained from Ramsden 
(19 8 0) which were calculated from annual flood series data 
provided by the Water Resources Commission of N.S.W..
The equations used in calculations of the first three moments 
(mean, standard deviation, coefficient of skew) are found in 
A.R.&R. (1977).
As well as the above dependent variables the coefficient of
variation defined as standard deviation divided by the mean 
was also calculated .
F2.3«2« Independent Variables,
The selection and calculation of catchment characteristics as 
independent variables was the most time consuming and more 
important component of the project. Consideration of the 
aspects governing that selection is warranted and are detailed 
below.
a) Categories.
The results of previous studies indicated three broad categorie 
of variables were significant.
i) Geomorphic / topographic eg. catchment area, 
main stream slope.
ii) Climatic eg. annual rainfall.
iii) Geographic / regional, ie.location.
Variables selected were classified under these groupings.
b) Alternative Indices.
There are often many measures of the one index. For example 
annual rainfall may be measured as a median or an average and 
there are three seperate measures of mainstream slope used in 
this study. Although these indices are usually highly correl­
ated, if one index, when incorporated into a regression 
equation, gives a better result than the other, then it should
be used. In this respect (where possible Alternative indices 
are considered.
c ) Availability and Acceptability.
Variables which are incorporated into existing design methods 
are available in terms of being defined and are usually accepted 
by designers. Any new variables developed would need to be 
defined accurately to ensure repeatability, give better results 
than existing variables(or be easier to obtain and give as 
good a result)and be accepted by designers in applying the 
recommended design model. In this respect only those ‘new* 
variables which had been defined in previous studies or were 
relatively simple to obtain were additionally selected.
d ) Accuracy and Repeatability.
The variable selected should be able to be measured accurately 
enough to ensure repeatability but should not require an 
accuracy that considerably exceeds the result obtained from the 
model. It is also important to realise which variables need 
to be measured accurately and this depends on the coefficients 
in the regression equation. As an example the model developed 
by Boyd (1978b) raised the median annual rainfall to the power 
of 2. It is obvious that an error in this variable produces a 
greater proportional error in the dependent variable. Similarly 
a variable such as area when raised to a power less than one 
has the opposite effect. This aspect will be further considered 
in the analysis of results.
It is apparent that some compromise is required between accuracy
and repeatability and the application to the design model* In 
this regard variables were selected where possible that had 
relatively good repeatability and could be measured to an 
accuracy commensurate with the expected results.
e ) Ease and Speed of Calculation.
This aspect is related to accuracy and repeatability. A 
variable which is slow and tedious to measure or calculate, 
which does not produce good repeatability nor improve the accur­
acy of the final equation does not warrant inclusion in the 
variable list. Also in a study such as this involving a large 
number of catchments and a broad range of variables it is 
necessary to select variables that can be calculated or measured 
relatively easily and quickly otherwise considerable research 
time and effort may be spent in determining variables which 
do not enter into the regression equations.
However speed and ease of calculation for the benefit of the 
researcher should not be sacrificed for a variable which may 
be expected to improve the regression equation. Furthermore 
the importance of the design flood in estimating the waterway 
area for a culvert or bridge should not be forgotten. The 
waterway area is one of the major influences in determining 
the size and hence cost of the structure. The designer should 
be prepared to spend a reasonable proportion of the available 
time in determining that requirement. Therefore while 
one hour spent determining a variable for a catchment amounts, 
in this case, to 56 hours work for the researcher, it is still 
only one hour to the designer and represents only a small
proportion of the total design time.
Some compromise is required. Where a variable such as overland 
slope for example was tedious and time consuming to calculate 
and from the results of other studies was not expected to give 
significantly improved results, it was not selected. Other 
variables such as main stream length and main stream slope 
which also require a reasonable amount of time - especially on 
larger catchments, were included because they were expected to 
enter the regression equation and also are very common param­
eters in existing design methods.
f) Hydrologic Significance.
Whilst it is recognised that regression equations do not 
signify direct causal relationships, the variables selected 
should be chosen on the basis of hydrologic effect or be a 
sound index of those effects. For example annual rainfall by 
itself has no direct causal effect on producing the peak 
annual flood. Annual rainfall is however a good index of 
average antecedent wetness and to a lesser extent storm duration 
and intensity - three factors which have a direct influence on 
flood magnitude.
Thus the final selection of variables was by no means a total 
set”. It is considered however to be significantly broad and 
comprehensive to ensure that the first objective of the study - 
to provide a short list of catchment characteristics is achieved. 
The total list of variables consisted of four dependent and Sk
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independent variables (3^ raw parameters, 8 arithmetically 
transformed and 1+2 logarithmic). Values are listed in Appendix C
With such a large amount of data it is important to reduce the 
risk of errors. This was achieved as far as possible by 
inputting the data onto a computer file via punched cards and 
then editing the file for punch-card operator and transcribing 
errors using the original work sheets. This acted as an 
independent check. All transformations were carried out by 
computer and added directly to the file.
F2.A Dependent Variable Description and Definition.
MLPAF (Units Log (nrVs)):- Mean of the Log of Peak Annual 
Flood.
zSD (Units Log (nr/s)):- Standard deviation of log of annual 
series.
G (Unit dimensionless):- Coefficient of skew of logs of 
annual series.
CV (Unit dimensionless):- Coefficient of Variation SD/MLPAF.
2c3 Independent Variable Description and Definition.
a) Climatic.
PAM (Units mm):- Average annual precipitation as obtained from
Water Resources Commission 1:3,000,000 map - Water Resource
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Inventory. Values were interpolated between isohyetal lines to 
the nearest 50 or 100mm as appropriate and the value at the 
estimated centroid of the catchment was taken as typical.
PAS (Units mm):- Average annual precipitation as taken from 
the rain gauging station considered representative for the 
catchment. To determine which station was representative a 
Thiessen diagram was drawn between all rain gauging stations 
near the catchment and the station whose area covered the 
largest part of the catchment was then selected as representative. 
The stations were selected from those listed in Bureau of 
Meteorology publications "Review of Australias Water Resources" 
(1968) and "Rainfall Statistics Australia" (1977). Most 
stations had more than 50 years of records.
It is realised this procedure has certain deficiencies in that 
the station may not be representative due to topographical 
influences but it enabled a relatively objective and simple 
selection process to be implimented and it was considered 
would give reasonable results.
P50M (Units mm):- Median annual precipitation as taken from 
Water Resources Commission map on similar basis to PAM.
P50S (Units mm):- Median annual precipitation as taken from 
representative station on same basis as PAS.
P90M (Units mm):- Ninety percentile annual precipitation as
taken from W.R.C. map. That is ninety percent of annual
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rainfall records were less than this value.
P90S (Units mm):- Ninety percentile annual precipitation as 
taken from representative station.
PIQM (Units mm):- Ten percentile annual precipitation as 
taken from W.R.C. map. That is only ten percent of annual 
rainfall records were less than this value.
P1OS (Units mm):" Ten percentile annual precipitation as 
taken from representative station.
RP9Q1OM (Dimensionless):- Ratio of P90M over PIOM. This was 
intended as an index of rainfall variability.
DP901OM (Units mm):- Difference between P90M and P10M. This 
was an alternative measure of rainfall variability.
1122 (Units mm/hr):- Rainfall intensity of 12 hours duration 
with an average recurrence interval of 2 years. This was 
obtained from the relevant map in Institution of Engineers 
Australia publication - Australian Rainfall and Runoff (1977).
1722 (Units mm/hr):- Rainfall intensity of 72 hours duration 
with average recurrence interval of 2 years from A.R.&R. map.
11230 (Units m m / h r ) Rainfall intensity of 12 hours duration 
and 30 years return period from A.R.&R. map.
-  5 2  -
17230 (Units mm/hr):- Rainfall intensity of 72 hours duration 
and 30 year return period from A.R.&R. map.
RD (Units Days):- Average number of raindays (as obtained 
from the representative rain station data) with precipitation 
exceeding 0.2mm.
WM (Units ---):- Month with highest average precipitation
from representative station data. January is number one, 
December is 12.
DM (Units ---) Month with lowest average precipitation
obtained from representative station data.
PWET (Units mm):- Average precipitation for wettest month WM 
as described above.
PDRY (Units mm):- Average precipitation for driest month DM 
as described above.
EVAP (units mm):- Average annual evaporation as obtained from 
W.R.C. map.
RI12 (Dimensionless) Ratio of 11250/1122. Index of intensity 
variation.
RI72 (Dimensionless):- Ratio of 17250/1722. Index of
intensity variation.
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RPWD (Dimensionless):- Ratio PWET/PDRY. An index of seasonal 
variation.
DI12 (Units mm):- 11250 - 1122.
DI72 (Units mm):- 17250 - J 722.
DPWD (Units mm):- PWET - PDRY.
b) Geomorphic / Topographic.
L (Units km):- Main stream length measured from site to top 
of catchment as determined by extension of main stream. The 
main stream was defined as the channel draining the largest 
catchment area. The largest catchment area was subjectively 
estimated. Map scale used was generally 1 ; 100.000 or 
1 : 50,000. Measurement v/as carried out by summing a series 
of short straight lines on a work sheet.
S1Q85 (Units m / k m ) Slope of main stream measured between 
points located at 0.1L and 0.85E on the main stream. That is 
Elevation at O.85D minus Elevation at 0.1L divided by 0.85L 
minus 0.1L - See also Appendix B.
SDMR (Units m.km):- Weighted average slope of main stream as 
defined in Department of Main Roads N.S.W. Form 571A (metric). 
See also Appendix B.
SARR (Units m/km):- Average main stream slope as detailed in 
A.R^&R. page.82 Equation 8.5 . This is also known as the
Taylor - Schwarz Slope. See also Appendix B.
ELI 083 (Units m ) Average elevation of main stream between 
points 0.1L and 0.85L on the main stream. That is (Elevation 
at 0.1L plus Elevation at 0.83D divided by 2.0.
ELAUE (Units m):- Average elevation between top and start of 
main stream. That is (Elevation at start 0.0 plus Elevation at 
L) divided by 2.0.
2A (Units km ) Catchment area as obtained from W.R.C..
FR (Dimensionless):- Ratio of Forested area to total area. 
This v/as measured by counting the grid squares on the topograph' 
ical map used for measuring main stream length and slope. A 
minimum value of 0.01 was used to allow for inaccuracies in 
measurement and a maximum of 0.99. The log transformation 
used was LFR = L o g ^ O  + FR).
LR (Dimensionless):- Ratio of total Lake and Swamp area to 
total area. This was measured in the same manner as FR. The 
minimum value was zero. The log transformation was 
LLR = logl0(1 + LR).
SFI (Dimensionless):- Catchment Shape Factor as obtained from 
DMR NSW Form 371A Fig?. This factor is used in the Friend 
Formula given in Form 371A to calculate a time of concentration 
t . In the Friend Formula the shape factor is raised to the
0 . 1 3 power and approaches 1.0 and is of negligible influence.
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The intended effect is to increase t for long narrow catchmentsc
(S<1.0) and decrease t for short broad catchments (S > 1.0).c
The net effect on the discharge Q is to decrease Q as the shape 
factor decreases. Use of the factor in a regression equation 
was anticipated to produce similar results.
SFR (Dimensionless):-» Catchment shape factor defined as
SF2 = _L_ x sjjJ /A
2 . 0
where L = main stream length
A = catchment area.
The factor represents the ratio of the main stream length to 
the diameter of the circle with an area equal to the catchment 
area. Refer Equation F-9 Bock et al.
xSCALE (Units 1 : xlCr ):- This was the scale of the topographic
map used in obtaining length and slope data. It is known that 
map scale has influence on the measurement of these variables 
and it was thought inclusion of this parameter may account for 
that influence.
c ) Regional or Geographic.
BASIN (Units ---):- This was the national gauging station
drainage basin as indicated by the first three digits in the 
station number. As the numbers increase from north to south 
a north - south influence may have been depicted by the 
variable.
LAT (Units Decimal Degrees):- Latitude generally taken at the
gauging* station and rounded to the nearest minute
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LONG (Units Decimal Degrees):- Longitude as measured for 
Latitude.
DFC (Units km):- Distance From Coast to estimated catchment 
centroid as measured from 1 : 5 ! 000,000 scale map and accurate
to nearest 5km.
d) Identification and Stratification Variables.
STN (Units ---):- This represented the national gauging station
number and was only used for identification purposes and was 
not involved in the regression analysis.
YPS (Units years):- Number of Years of gauging station records 
used to calculate mean. This variable was used in stratification 
test.
All the above variables except STN and YRS were transformed to 
base 10 logarithms. They are identified by the Prefix * L'
(eg. LP50M represents log^q (P50M)).
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F3. ANALYTICAL METHOD.
Section D 2.0 detailed the basic reasons for using multiple 
regression and a brief description is provided in Appendix A.
The calculations in the study were performed on a Univac 1100 
series computer using the statistical package SPSS (Statistical 
Package for the Social Sciences).
Only linear regression was considered because;
a) The study by Bock et al showed no significant improvement 
in results when non-linear functions were used.
b) Non-linear multiple regression involves considerable 
computer time and a high degree of statistical experience in 
interpreting the results.
c) Transformation of variables into a linear form (eg. log 
transformation) has been the most common approach by researchers 
(eg. Thomas 8c Benson, 1970, Flood Studies Report, 1973) and is 
widely accepted.
d) Consideration of non-linear multiple regression was beyond 
the scope of a preliminary study.
The functional form of equation used included logarithmic and 
arithmetic terms in a linear equation. The result is an 
equation of the form
log (Y) = a log(A) + bB + c log(C) + d
which when transformed into an exponential equation is
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Y = d.Aa.10bB.CC
where Y = dependent variable
A,B,C = independent variables 
a,b,c = coefficients 
d = constant
Since the predictands used in this study are all logarithmic 
there is no need to transform the result to the exponential 
form unless the predicted mean flood is required - even then 
it is possibly simpler to find the antilog of the summation of 
terms.
A discussion of linear transformations is given in Yevjevich 
(1972) PI63, Riggs (1968) P28 and Bock et al 0972) P63 in 
relation to hydrologic investigations.
Generally log transformations are "appropriate when the error 
of estimation of y approximates a constant percentage for all 
observations" (Flood Studies Report (1975) P31^)« They are 
also frequently used where there is a large range of values 
for the relative variable (eg. catchment area ranges from 
8km to over 3000km ). The computer package carried out all 
variable transformations. For convenience all variables 
except the existing logarithmic dependent variables were trans 
formed.
There are a large range of statistical calculation routines 
available. SPSS was chosen because it was available, it was 
comprehensive, was simple to use and provided sufficient
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information to make decisions on the suitability of equations 
developed. No deficiencies were apparent throughout its use 
in the project.
The selection of an 'optimal* subset of predictor variables from 
a large variable list can be performed in a number of ways as 
described by Nie et al (1975).
a) Forward (stepwise) inclusion. Independent variables are 
entered only if they meet certain statistical criteria. The 
order of*inclusion is determined by the respective contribution 
of each variable to explained variance.
b) Backward elimination. Predictors are eliminated one by one 
from a regression equation that initially includes all predictors.
c) Stepwise solution. Forward inclusion is combined with 
deletion of variables that no longer meet the pre-established 
criteria at each step.
d) Combinatorial solution. All possible combinations are 
examined.
The SPSS REGRESSION subprogramme provided only for the forward 
(stepwise) inclusion method. The first variable to enter the 
regression equation is the one with the highest correlation 
coefficient with the dependent variable. The second variable 
to enter is the one that explains the greatest amount of 
variance in conjunction with the first (ie has largest squared 
partial correlation) and so on. The analyst can specify
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statistical criteria for variable inclusion (eg. F statistic for 
level of significance) or alternatively specify the order of 
inclusion of one or a group of variables. The output provided 
information on those variables not entered into the equation.
How these features were utilized will be described under Steps 
in Analysis.
FA. STEPS IN ANALYSIS.
The analysis involved 7 stages ranging from initial research 
for a suitable variable set to testing the derived and 
recommended equation. These stages were necessary to funnel 
the research from the broad to the specific. A detailed descr­
iption of these stages, with emphasis on the last four, is 
warranted in order that a greater understanding of the results 
and the analysis is gained.
F k .1 Stage 1.
A literary search (carried out by the Library of the Institution 
of Engineer Aust.) plus references in various texts and 
published papers provided a source of information on multiple 
regression of catchment characteristics. From this range of 
literature a sample was selected which was appropriate to the 
study and the catchment characteristics chosen on the basis of 
the' criteria described in section F 2.3.
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Fif,2 Stage 2 .
This was the most time consuming and tedious stage. It involved 
data acquisition, input and verification. The magnitude of the 
project is readily apparent when it is realised that over 2 2ZfO 
items of data were collected and input onto a computer file for 
further processing.
The need to limit the research to a pilot study is also obvious. 
Every 10 additional catchments added another ¿+00 data items. 
Reduction of the variable list to only 10 untransformed 
characteristics and identification variables would enable 2 2if 
catchments to be considered for the same amount of data input.
A fourfold increase in the number used in this study.
By far the most time consuming characteristics were measurement 
of main stream length and determining the stream profile for 
slope calculations. Unfortunately for the researcher and 
perhaps more fortunately for further researchers, these variables 
(particularly slope) are not recommended for further studies in 
the region. In view of the amount of time spent on these 
characteristics a brief summary of correlations plus longsection 
details is provided in Appendix C.
The amount of time spent on determining characteristics, the 
nee'd for standardising values of characteristics for a particular 
stream and the importance of having reliable data for further 
research highlights the need for establishment of a data base 
of gauging station information. Such a data base could be
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established and maintained by the water authority (ie W.R.C.) 
on a similar basis to that established by Bock et al and the 
Flood Studies Report.
F/+.3 Stage 3»
Stage 3 involved data transformation, amalgamation and pre­
viewing analysis. All of which was carried out using the 
routines available with'SPSS.
Initial raw data was stored on computer files in six groupings 
to facilitate the input and editing carried out in Stage 2. 
Those groupings included;
a) dependent variables
b) annual rainfall indices
c) miscellaneous climate data (eg. intensity, evaporation).
d) slope data
e) geomorphic data (eg. catchment area forest ratio).
f) regional indices (eg. latitude, longitude).
On "each of these groups arithmetic transformations were carried 
out to create additional variables such as the ratio of P90M 
to P10M. Scattergram plots of the interrelationship between 
selected variable pairs were also carried out.
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These scattergrams provided two functions. The first was to 
detect any outliers in the data and hence correct any input 
errors not discovered in Stage 2. One such data error was 
uncovered in this manner. The second function was to preview 
any correlations between similar measurements of the one index 
such as the three slope measurements. As it eventuated this 
preliminary correlation analysis did not provide any significant 
additional information that was not detected in Stage Z*.
The final component of Stage 3 was to amalgamate the six groups 
of data for analysis in Stage ¿f. Log transformations were 
carried out on all the amalgamated variables except the dependent 
variables.
F k » k Stage A.
Initial regression analysis v/as carried out in Stage A* The 
purpose of this analysis was to:
a) provide a total correlation matrix of variables to check 
independence criteria.
b) give an indication of suitable variables for more detailed 
analysis.
c) act as a benchmark against which the results obtained in 
later stages could be compared.
The large number of variables involved necessitated this initial 
run being performed in computer batch processing mode overnight.
In the later stages a smaller subset of variables were used and 
the runs were carried out as 'demand' jobs.
Four separate regression equations were obtained - one for each 
dependent variable (MLPAF, SD, G and CV). The statistical 
basis for selection from the variable list v/as the first 10 
variables which had an F value greater than 7*2 (which represent 
a 1% significance level).
As shown in the results only a maximum of four variables were 
significant at this level. Later runs were to use 5% signif­
icance level.
At this stage a plot of the residuals for the regression with 
MLPAF (mean) was also obtained and provided a further check on 
any data input errors. Although outliers were detected, the 
reason for the variation could not be attributed to data input 
errors. There was thus no reason to eliminate these catchments 
from the regression analysis.
An experiment in which the variables used by Boyd (1978b) - 
namely area, median rainfall, main stream length and main 
stream slope betv/een . 85L and 0.1L was also carried out. The 
result for CJL> was compared.
FA.5 Stage 9.
The results from Stage A were used as a basis for selecting 
alternative combinations of predictors. The purpose was to
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achieve a set of variables for the final predictive equations.
The factors which governed this selection are detailed below.
a) Variable Included in Step One of Regression Analysis.
The first variable to enter the equation is the one with the 
highest simple correlation with the predictand. This variable 
then has a major influence on the second variable to enter, 
these two influence the third and so on. Obviously consideration 
of alternative initial variables is the first step in determin­
ing the final equation.
The correlation matrix was examined and those variables with 
a high correlation coefficient with the dependent variable were 
extracted for further consideration. Computer runs were then 
made with selected variables from this group specified to enter 
the regression equation first.
The result was a different set of independent variables. This 
additional set was examined in the context of the other govern­
ing factors.
b) Variable Independence.
Other researchers have well established that catchment charact­
eristics do not meet one of the requirements of multiple reg­
ression - that is predictor independence. This lack of indep­
endence was the reason for the action outlined in (a). It also 
necessitated examination of the factors which affected the 
second and third variables to enter the regression. These
factors were the F ratios and the correlation coefficients
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between variables.
From the result obtained by specifying the first variable to 
enter the equation the next alternative to the second variable 
that entered was considered. It should be noted that because 
of variable interrelation the alternative to the second variable 
was not necessarily the third variable to enter. As the varia­
bles were interrelated the correlation coefficients were also 
examined.
The result was,the first and a selected second variable, were 
specified to enter the regression, in a predetermined order.
The same procedure was applied to the third and fourth variable. 
The final result was all variables in the equation were spec­
ified by the researcher.
The net effect of this procedure was to combine the Stepwise 
Solution and Combinatorial Methods described in Section F 3.0 
with the researcher controlling the selection process. This 
procedure offset any analytical problems associated with 
predictor independence.
Actual examples of this facet of the investigation are provided 
in the results.
c) Level of Significance.
The statistical significance of variables entered into the 
regression equation is measured by the contribution of that
variable to the overall variance. Measures of that statistical
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significance are provided by the individual F ratio or the t 
statistic of the variable when entered into the equation. 
Details on these parameters are provided in Appendix A.
By allowing variables to enter the regression equation at the 
5% significance level then a wider range of characteristics 
become available. As more variables enter the regression this 
in turn affects the relative significance of other variables 
which may enter. The result is considerably more variables 
may enter the regression than anticipated from the last step of 
an equation in which all variables were significant at the 1% 
level.
To sum up - by providing for a 5% significance level a wider 
range of variables were considered.
d) Variables Used With Other Predictands.
To achieve the second objective of the study a common set of 
catchment characteristics would be preferred. That is if only 
four characteristics v/ere required to predict the mean and four 
required to predict the standard deviation it would be ideal 
if they v/ere the same characteristics. This would mean only 
four variables would need to be measured instead of eight.
Thus where similar results could be achieved by using variables 
contained in other predictor equations these were selected and 
specified to enter the equation.
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e) Factors Affecting Accuracy of Variable.
All the catchment characteristics had measurement errors. This 
could be due to map scales or the fact that point estimates 
such as rainfall were considered as areal estimates.
The important consideration was to ensure that the variables 
selected had good repeatability. That is different designers 
are likely to get similar answers, for the variable on the same 
catchment.
Thus,when two variables gave similar results, that variable 
which the researcher subjectively considered to have better 
repeatability was specified to enter the equation.
f) Application in Design.
The derivation of a design equation with simple parameters was 
preferred to one with complicated variables. Therefore v/here 
a choice existed the variable most easily obtained by the . 
designer was selected.
All these factors were considered in conjuction with each other. 
A series of regression experiments or computer runs were 
required until a final set of recommended equations and varia­
bles were obtained. At each step the results in terms of the
Standard Error of Estimate (SEE) and Multiple Correlation
2Coefficient squared (R ) were compared with previous results 
and the initial benchmark run in Stage ¿f. The implication of 




The sensitivity of the alternative equations obtained from 
Stage 5 were tested for various effects. In particular the 
influence of a reduced number of catchments, the effects of 
catchment area and the influence of the number of years of 
records used in calculating the dependent variable were 
checked.
a) Catchment Numbers.
The effect of various numbers of catchments used in the deriv­
ation of variable coefficients was of prime importance. The 
results of these tests could be used as a benchmark in the 
other sensitivety tests which involved smaller numbers of 
catchments. The anticipated benefit of more catchments for 
further research could also be assessed.
The procedure adopted involved taking various sized random
samples of catchments and determining the effect of the sample
2size on the SEE and R parameters as well as the various coeff­
icients. The test was carried out a number of times and the 
results plotted. The results were compared with 1t 1 test 
statistic.
b) Catchment Area.
To test for any possible influence of catchment area on the 
regression equations the following stratifications were made:
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i) Less than 5 0 k m 2
2ii) Less than 100km .
iii) 2Less than 200km .
iv) 2Less than 300km .
The results were compared with part (a) and the results for the 
total region using the ,t* statistic.
c) Effect of Years of Records.
To assess the effect of years of gauging station records on 
the results three groupings were made;
The results were compared with part (a) and the results using 
all the data by the *t* statistic.
FL*7 Stage 7.
The last stage applied the regional equations to the design 
problem. That is the peak discharges for annual exceedence
i) Less than 25 years.
ii) Less than 30 years.
iii) Less than ¿fO years.
probabilities from 0 .9 0 to 0.01 (1.11 yrs to 100 yrs) were 
calculated for the LP3 distribution using measured catchment 
parameters and parameters derived from the regional equation.
The success of the equations were measured by the percentage 
of catchments which produced results within the 90% confidence 
band for each catchment. Error ratios between 'observed* and 
predicted were also calculated. This testing was carried out 
using the 56 catchments used in the derivations.
As a final test the recommended set of equations were tested 
using the 11 test catchments.. These catchments had not been 
used in any other stage of the investigations.
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FIGURE 3 .
SUMMARY OF STEPS IN ANALYSIS
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G.__RESULTS OF INVESTIGATION.
A summary of the Steps in Analysis described in section F ¿f.O 
is provided in Figure 3. Selected results of that analysis are 
provided in Tables ¿f to 7. The recommended equations for use 
in design are detailed below.
G1. RECOMMENDED EQUATIONS.
a) Regional Mean.
R mean = 0.711 logln(A) - 0.316 P90M - 3.26x10~5DFC +
U PI OH
1.14 log10 (PAS) - 2.096.
where
R mean = Regional mean in log base 10 units of m^/S.
log,0 (Q2 ).
A = Catchment area (km ).
P90M/P10M = RP9010M.
P90M Ninety Percentile Annual Precipitation as obtained 
from Figure 7. (mm).
PI OM Ten Percentile Annual Precipitation as obtained 
from Figure 3» (mm).
DFC - Distance from Coast (km) measured as shortest
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distance from estimated catchment centroid to 
coast (- 5km accuracy).
PAS = Average Annual Precipitation as obtained from
representative rain-gauging station. See Figure 
for details on determining representative 
station using Thiessen Diagram, (mm)
This equation has a Standard Error of Estimate (SEE) = 0.196 
log.^ units, for the sample of 56 catchments used in its der­
ivation. The equation explains 8^% of the sample variance 
(ie R ^0.8^). All variables are significant at the 1% level.
b) Regional Standard Deviation.
R sd = 0.1Z*5 P90M - 2.28 x 10_if PAS + 0.6^1og, _(RD) -
PI CM
0.238log10 (ELAVE) - 0.220
where
R sd = Regional Standard Deviation (log units).
RD = Average number of days per year with precipitation
exceeding 0.2mm as obtained from representative 
station defined for PAS. (Log^iRD) = LRD).
ELAVE = (Elevation at site + elevation at top of catchment)
/ 2.0 (m). (Log1 0 (ELAVE) = LELAVE).
Other symbols as defined in (a).
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The equation has a SEE = 0.086 log^Q units and approximately 
57% of the sample variance is explained by the equation.
c) Regional Skew.
R g = -0.56.
where
R g = Regional Skew Coefficient.
No statistically significant (at 5% level) catchment character­
istics could be obtained to estimate a regional value of skew. 
The value given represents the mean of the sample and has a 
standard deviation of 0.63«
G 2. VARIABLES RECOMMENDED FOR FUTURE RESEARCH.
Table 3 lists catchment characteristics which are expected to 
provide results comparable to this investigation, in future 
research involving regression of catchment characteristics on 
stream flow parameters in eastern N.S.W..
These characteristics are recommended primarily because they 
gave reasonable results and they conformed with the variable 
selection criteria described in Section F in that they are 
readily available, easy to calculate and have relatively good 
repeatability. The three categories are in order of influence 
in predicting mean annual flood. This order confirms results 
achieved by other researchers as described in the Literary
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TABLE 3
SHORT LIST OF CATCHMENT CHARACTERISTICS FOR FUTURE RESEARCH
CATEGORY CHARACTERISTIC VARIABLE NAME IN 
STUDY
GEOMORPHIC Catchment Area A
Average Elevation ELAVE
Main stream length (1) L
CLIMATIC Annual Rainfall (2) PAS, PROM, PROM,
PI OM
Rainfall variability RP901OM
Number of Rain Days RD
REGIONAL Distance from coast DFC
Notes.
1. If mainstream length is to be considered it would need 
to be defined so that the effects of map scale are 
minimal. It is not likely to be significant in any 
regression involving catchment area.
2. Four annual rainfall indices are recommended. A fifth 
~ index is also suggested that is a more accurate and
consistent estimate of average annual rainfall based on
a weighted average for the catchment area. The weighted
average could be calculated using Thiessen Diagram (see 
Figure ¿t) or isohyets.
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Review* It is possible these variables may not be significant 
in other regions.
In the Geomorphic category the significant absence is the slope 
indices. At no stage were these variables significant even 
when entered into the equation. The lake ratio is also insig­
nificant probably because only a few catchments in the study 
had swamp and lake storages of any proportion - the highest 
ratio was only 10%.
The main stream length is suggested only if a better and more 
consistent means of measuring the variable is possible. It is 
not likely to enter the regression in conduction with catchment 
area if the other variables are available.
It is not possible to recommend any particular annual rainfall 
index as all gave similar results. It is also worth noting 
that all had statistically similar (at 1% level) coefficients 
when used in conduction with the same variables (compare 
Eqn and A.5 LPAS with LP^OS). No indexes of intensity are
recommended because they gave similar results to annual 
rainfall and are not as accurate to measure due to the small 
scale of maps such as Figure 2.20 in A.R.&R..
With respect to annual rainfall indices a new index is recomm­
ended which will give a more accurate estimation of average 
rainfall over the catchment. It is suggested that this could 
be a weighted average calculated using Thiessen Diagrams 
or isohyets. The problems associated with this are the ready
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PAS = Pi







= Average annual precipitation for representative 
station.
= Weighted average annual precipitation.
= Average annual precipitation at point 1, 2 and 3 
respectively.
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availability of rain gauging data to the designer and the 
calculation time involved. The availability of rain gauging 
data, to the designer, could be improved if the Local Government 
authority were to plot the location of Bureau of Meteorology 
rain gauges within and near the shire or municipal boundaries 
and obtain the relevant information from the Bureau. The 
additional calculation time involved would be warranted if 
improved results were achieved. Improved results would appear 
to be a possible outcome.
The rainfall variability index RP901OM had the effect of reduc­
ing the coefficient of annual rainfall from approximately 1.5  
to 1.0 (compare Eqn ¿+.9 and L* ̂ 0 - LP50M and LP1 OM - considering 
discussion on interrelationship of annual rainfall). This 
reduces the higher calculation error on the dependent variable 
obtained with coefficients greater than one. RP901OM was not 
correlated with annual rainfall. It should also be noted that 
substitution of representative station values of RP901OS did 
not produce satisfactory results.
Rain Days is included only because it gave significant results 
for regression on standard deviation.
In the Regional Category only DFC (Distance From Coast) was 
significant. Future research may use dummy regional variables, 
however, regionalization would have to consider the aspects 
of sample size as discussed later.
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TABLE 4 .
BEST 10 REGRESSIONS WITH MLPAF
Sample mean MLPAF = 
Sample standard deviation MLPAF =
1.899
0.464
0 ) (2 ) (3) u) (5) (6 ) (7) (8)
VARIABLE SIG. COEFF. Seb SEE COMMENT EON.
LA* 1 0 .70 8 0.05 0.363 .399 All
LP1 OM* 5 0.822 0.41 0.227 .76 8 variables
DFC* 1 -7.70E-3 0.0 0 20 0 .2 14 .800 available.
RP901 OM 1 -0.207 0.074 0.206 .818 5% signif.
LPAS 1 -4“c\]•r» 0.36 0.195 .8ifO level





0.51 0 .18 0 .869 criteria.
4.1
LA 1 0.707 0.053 Variables
RP901 OM 1 -O .3 2 3 O .058 specified.
DFC 1 -6.23S-3 0 .0Q2
LPAS 1 1.16 0.25
LDFC - 0.387 0.219 0.192 .845
¿+.2constant - 2.575
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TABLE 4 C on t in u ed .
VARIABLES SIG COEFF. Seb SEE COMMENT EOfN.
LRD - -0.699 0.518 Variables
LA 1 0 .70 2 0.034 specified.
RP901 OM 1 -0.30A 0.059
DFC 1 -3.30E-3 0.001
LPAS 1 1.43 0.328 0.194 0.8i+1 4.3
constant -1.560
LA 1 0 .7 1 1 0.055 Recommended
RP901 OM 1 -0 .3 16 0.059 equation.
DFC 1 -3.26E-3 0.001 Variables
LPAS 1 1.14 0.25 0.196 0.835 specified.
constant -2.096 4.4
LA 1 0.708 0 .0 55 Variables
RP901 OM 1 -O .3 2 0 0.060 specified.
LP50S 1 1.12 0.261
DFC 1 -3.52E-3 0.001 0.198 0.830
constant -1.967 4.5
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TABLE 4 C o n t in u e d .
VARIABLES SIG COEFF. Seb SEE COMMENT EQN.
LA* 1 0 .7 0 8 0 .0 5 8 0.363 0 .3 9 9 All
LP1 OM* 5 0.934 0.1*00 0.228 0 .7 6 8 variables
LI1250* 1 1.67 0 .4 5 0 0 .2 1 8 0 .7 9 0 available.
RP901OM . 1 -O .2 3 8 0.0 84 0 .2 0 5 0 .8 19 1% signif
constant -3.53 selection. 4 .6
LA 1 0.697 0.058 Variables
RP901OM 1 -O .30 5 0.063 specified.
LPAS 1 1.45 O .2 4 8
LDFC - -0 .1 9 0 0 .1 2 7 0.208 0.815
constant -2 .9 2 2 4.7
LL 1 1.197 0 .1 0 2 0.337 0 .4 8 1 All
PWET 1 3.15E-3 7-7E-4 0.2 A2 0 .7 3 7 variables
LI7250 1 1.49 0.366 0.226 0 .7 7 7 available.
LDP901OM 1 -0.753 0.268 0.212 0 .8 0 7 1%  signif.
1.038constant selection 4* 8
TABLE A Continued
VARIABLE SIG COEFF. Seb SEE R2 COMMENT EQN
LA 1 0.726 0.060 Variables
DFC 1 -5.19E-3 9.7E-A specified.
LP50M 1 0.982 0.315
RP901OM 1 -0 .2 7 0 0.066 0 .2 1 2 0.806
constant -1.625 A.9
L A * 1 0.758 0.059 0.363 0.399 All
LP10M 1 1.67 0.291 0.228 0.768 variables
DFC 1 -2.90B-3 0.001 0.213 0.800 available. 1%




1. Independent variables in order of selection. A • ** 
indicates variable and order specified. Where all 
variables are entered in one group a note is made in the 
comment column.
2. ” Level of significance of variable when all variables are
in equation.
'1 * represents <. 1%.
5 represents 5̂: 5%.
- represents ^  5%*
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3. Coeff. is the coefficient of the independent variable
when all variables are entered.
¿f. Seb is the standard error of the coefficients in Column
3.
5. SEE is the Standard Error of Estimate for the total 
equation. 2
2
6. R is the square of the multiple correlation coefficient 
(R) and represents the proportion of variance explained 
by the equation.
7. Comment column.
8. Eqn. - equation number for future reference.
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TABLE 5
BEST 7 REGRESSIONS WITH SD.
Sample Mean SD = O .466
Sample Standard Deviation SD = 0.126
VARIABLE SIG COEFF. Seb SEE b ! COMMENT EQN
RP901 OM 1 0.120 0.028 0.111 0.2Zf 1 All
LP50M 5 -0.386 0.185 -cfO•o 0.338 variables
LELAVE 1 -0 .214 0.045 0.094 0.472 available.





5.0E-5 0.083 0.600 level.
5.1
RP9010M 1 0.111 0.028 0.111 Selected
LP5-0M 5 -0.456 0.186 0.10/f variables
LELAVE 1 -O.19 7 0.045 0.094 0.472 list (PAS
LRD 1 0.829 0.239 0.089 0.531 not avail. ).
LPAS 5 -0.376 0.158 0.086 0.579
c onstant 1 ♦ 6i+7 5.2
pas’ 1 -2.28E-4 4.0E-3 Variables
RP901OM 1 0.145 0.026 specified.
LRD 1 0.644 0.214 Recommended




VARIABLE SIG COEFF. Seb SEE £ COMMENT EON
LELAVE 1 -0.161 0.0 A2 Variables
RP901 OM 1 OJOr*•0 0.028 specified.
P5ÛM 1 -2.78E-4 6 .0E - 5
LRD 1 0.979 0.216 0.088 0.5A2
constant -0.1 A3 3.A
LRD 5 0.549 0 . 2 1 7 Variables
LP50M 1 -0 .7 1 1 0 .15 9 specified.
RP901 OM 1 0.100 0.029
LELAVE 1 -0 .15 1 0.0A3 0.089
constant 1 .7 4 0 5-5
LELAVE 1 -0.169 0.0A5 Variables
RP901OM 1 0 .1 2 9 0.028 specified.
P50M 1 -1.57E-4 A.E-5 0.09A O.A78
constant 0.840 5.6
RP901OM 1 0.127 0.028 0 . 1 1 1 0.2A1 All variables
LP50M 1 -0.A10 0 . 1 1 0 0.1 OA 0.338 available.
LELAVE 1 -0.163 0.0A5 0.09A 0.A72 1% signif
1.892constant selection 5-7





REGRESSION WITH G (SKEW)
Sample Mean G = -0.56
Sample Standard Deviation of G = 0.63
SIG COEFF.. Seb SEE COMMENT EON
1 1.09 
-3.610






See Table ¿* for explaination of columns.
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G 3. ALTERNATIVE EQUATIONS,
Tables ¿f, 5 and 6 list the regression equations with the lowest 
SEE for the respective dependent variable. The equations 
recommended in Section G 1(a) and (b) had the fourth and third 
lowest SEE respectively. (Refer to Eqn l+.L and 5*3) • Why ■ 
these are recommended will be detailed in Sectiong5*
All the equations listed in the tables are not significantly 
(based on F test at the 1% level) different from the 'best* 
equation in terms of SEE. In view of this an alternative set 
of equations are suggested and they are l+m 9 and 5*6 plus the 
regional skew of -0.%. These equations had the second highest 
SEE of those listed and are suggested primarily because of an 
apparent simplicity in application to design«
As the recommended equations and the alternatives suggested 
are at two ends of the range of those listed, a comparison of 
the results obtained when the equations are used to estimate 
discharges of various occurrence frequency will be informative. 
The comparison is made in SectionG9*
The suggested alternative equations are detailed below for 
convenience.
a) ~ Alternative Regional Mean.
R' mean = 0.726 log1 0 (A) - 0.270 P90M - 5 . 1 9  x 10"3 DFC +
PI OM
0.982 log1 0 (P50M) - 1.625.
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where
R' mean = alternative R mean
P50M = Median (50 percentile) annual rainfall as obtained
from Figure 6. (mm).
log1 0 (P50M) = LP50M
and other variables are as defined inG1 (a).
b) Alternative Regional Standard Deviation.
R* sd = 0.129 P90M - 1.57 x 10_/+ P50M - 0.169 log10 (ELAVE)
P1 0M
+ 0 .8 i f0 .
where
R* sd = Alternative Regional Standard Deviation,
and other variables are as defined previously.
As well as the equations listed in the tables, 16 other equations 
were obtained for the regression with MLPAF,SEE values of these 
equations ranged from 0 .2 1 A to 0 .3 30 - the highest was an 
arithmetic version of the characteristics used by Boyd (1978b). 
The variables which were specified or entered these equations 
included L, LL. LPWET, LS1085, 17250, LPAS, LDM and LDPWD as 
well as those variables already mentioned in the Tables.
It is also interesting to note that equations A*8 , 5.7 and 6.1
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TABLE 7
REGRESSION WITH CV (COEFF. OF VARIATION),
Sample Mean CV =0.272
Sample Standard Deviation= 0.1 A8
VARIABLE SIG COEFF. Seb SEE R2 COMMENT EQN






LP50M 5 -O.46O 0.188 0 . 1 1 6 0.405 available.
LA 1 -0.099 0 .0 2 A 0 .1 0 0 0.563 5% signif
LELAVE 1 -0.199 0.053 0.097 0.600 selection.
1 1 2 2 - -0.017 0.01A 0.092 0.649
LRD 1 0.722 0.245 0.039 0.677
LPAS 5 -0.A26 0.154 0.086 0.706
constant 2 .0 8 7.1
RP901 OM 1 0 . 1 3 0 0.031 0.128 0 .2 5 8 All variables
LP50M 1 -0.631 0 . 1 2 0 0.116 0.405 available.
LA 1 -0 . 1 2 1 0.028 0 .1 0 0 0.563 1% signif
constant 2.16 selection. 7 . 2
See Table A for explaination of columns
9k -
were the .first regressions obtained and rated very poorly in 
terms of ' SEE values. This illustrates the importance of 
considering other variables which have not entered a regression 
equation under specified stepwise selection criteria.
G4. COEFFICIENT OF VARIATION. CV.
A number of regression experiments were conducted to derive 
a relationship between catchment characteristics and a coeff­
icient of variation. At first this appeared to provide a 
promising avenue towards a design equation. However it became 
evident that while a 'better* regression equation could be 
obtained than for SD the overall accuracy(when applied in the 
design situation)would not be better than estimating the SD 
directly from a regression relationship. The results of the 
initial experiment and the experiment with the lowest SEE are 
provided in Table 7 as equations 7.1 and 7*2.
G5. SELECTION OF RECOMMENDED EQUATIONS.
The recommended equations were generally selected using the 
criteria detailed in Section F 2.3 and A.5* In particular 
hydrolgic significance, repeatability of estimation and 
simplicity of calculation were the major influence in variable 
selection for the equation. As an example, LP1OM was a 
significant variable in equation /f• 1 0. However an index of 
low rainfall would not gain wide designer acceptance compared 
to an index of average rainfall in estimating a mean annual 
discharge. For this reason rainfall indices such as PAS or
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P50M were preferred.
A similar situation applied to the selection of LA. The 
calculation of an area was considered to have better repeatab­
ility and also a higher hydrologic significance than main 
stream length. So LA was specified as the first variable to 
enter the equation and because of the high correlation of LA 
with LL, the main stream length characteristic did not have a 
significant effect and did not enter the equation.
Where two variables measured the one index eg. LP50M and PAS 
and both entered the regression only one index was considered. 
This was to maintain variable independence and also to simplify 
the design equations.
The effects of various variables entering the regression is 
shown in Fig. A1 which is the computer printout for equation 
A.1. In this run LA, LP1OM and DFG were specified to enter the 
equation because a previous run (equation A*10) had indicated 
it may produce good results. The statistical selection criteria 
for entry of variables into the equation was the 5% significance 
level. .
The selection of alternative variables to obtain the recommended 
equation depended heavily on correlations between the independ­
ent variables. The correlation matrix illustrated in Appendix 
D provided the information required. Variables with correlation 
coefficients less than 0.34 are not significantly correlated 
at the 1% level. Refer to table in Appendix A.
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FIGURE 8-1
VARIATION OF COEFFICIENTS WITH SAMPLE SIZE FOR Rmean
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F IGURE 8-2
VARIATION GF COEFF IC IENTS WITH SA M P LE  S IZE FOR R s d
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G6. EFFECT OF SAMPLE SIZE.
The sample size of catchments used to derive the recommended 
equations is small relative to the studies performed in Britain 
(Flood Studies Report) and the Ü.S.A. (Bock et al). Any 
sensitivity test such as for area or years of record which 
further reduce the sample size would have to be assessed 
against a comparable sample size. These benchmarks of sample 
size were obtained by selecting a number of various sized 
random samples from the 56 catchments and plotting the values 
of coefficients and regression parameters against the sample 
size. These plots are illustrated in Figures 8,1 and 8.2.
The plots also indicate the effect of sample size on the 
results. Only plots for the recommended equation are provided 
as these are typical. '
Examination of Figures 8.1 and 8.2 indicates that there is a 
large scatter in values of various coefficients and that 
scatter increases considerably as the sample size decreases 
below AO. It is also evident that some variables such as LA 
and PAS exhibit relative stability whilst other variables such 
as RP901OM and DFC are more random.
The significance of the scatter is gauged by the number of 
values of coefficients which are less than the 95% confidence 
level or greater than, the 5% confidence level. The confidence 
limits are calculated for the coefficients and standard errors 
derived for 56 catchments (51 degrees of freedom) the students
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11 * statistic being 1.675.
It is also of interest that many of the variables - especially 
DFC, RP901OM and LRD are not significant when the sample size 
decreases. On some occassions the regression equation was also 
insignificant. This was particularly true for SD. This 
information is not provided in the graphs.
The values of the parameters which measure the ‘goodness of
fit’ for the regression equation namely SEE and R show two
different trends for the regression with SD and the regression
with MLPAF. The regression with MLPAF showed reasonable stabil­
. 2ity of SEE and R whilst the values shown in Figure 8.2 for 
SD are more scattered.
The values of SEE can be compared on the basis of the F test
2 2which is the ratio of variances (ŝ  / s ^) . In the regression 
with MLPAF at the 1% significance level, the value of SEE for 
a sample size with 20 degrees of freedom (ie 25 catchments) 
would need to exceed sJ 2.28 x 0.1962 = 0.296 to be signific­
antly different from the result for 56 catchments. This value 
decreases slightly as the degrees of freedom increases. 
Examination of the values plotted in Figure 8.1 show SEE 
values greater and less than values obtained using the equations 
in Table A, although not significantly different. This demon­
strates how relatively close all the results obtained are in 
respect to SEE. It also demonstrates that whilst a SEE value 
may be a good index of ‘fit’ for comparing various equations 
using the one sample it is not as satisfactory when comparing
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results from different samples.
It should be noted that the values of coefficients and the 
constant are all interrelated. Thus where there are large 
variations in some values of coefficients there are also 
variations in the constant. It is therefore important to test 
the regression on a sample not used in the study.
One general conclusion is possible from these results. Differ­
ent sample sizes of less than ¿fO catchments may yield consider­
ably different results when applied to the same region. The 
results also justify the sample size of 56 catchments used in 
the study. However in further investigations the sample 
should be increased to allow for stratification and regional­
ization tests. The effects of sample size should be further 
investigated.
G7. EFFECT OF CATCHMENT SIZE AND YEARS OF RECORD.
The results presented in SectionG6 showed instability in 
variable coefficients and regression parameters when sample 
size decreased. The sensitivity tests to determine any variat­
ions with area or the influence of length of gauging station 
records on the results involved sample sizes less than forty 
catchments.
Although the tests were carried out and the results examined 
no conclusions can be made as to the influence of these factors. 
Any further studies should have a minimum sample size of at
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least 50 catchments in each stratification.
G 8.__ COMPARISON WITH RESULTS OF BOYD 0  978b).
A regression experiment was carried, out using the same variables 
as Boyd used. As Boyd used values of logCQ^) as the dependent 
variable it is only possible to compare the result obtained 
for (̂ 2 with R mean as calculated in this study. The two 
results are presented in Table 8 for the case when all variables 
are in the equation. The results for Boyd are taken from 
Table II in that paper.
It is possible to compare the coefficients by use of the *t 1 
test. That is
t a -j - a2 
Seb
where
t = t statistic which is compared with tabulated values
in statistics texts - an extract is provided in
Appendix A.
a = Coefficient of variable used by Boyd.
a2 = Coefficient of variable as obtained in this study.
There are degrees of freedom.
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Seb - Standard error of the a2 coefficient as listed in
Table 8.
The result of this comparison showed that there was no signif­
icant difference even at the 10% level between the variable 
coefficients.
The result for SEE can also be compared using the F test.
That is :
F = (SEE, )2
(see2 )2
where
SEE1 = larger SEE (this
s ee2 = lower SEE (Boyd).
The result is compared with tabulated values (refer Appendix 
A). The degrees of freedom are 51 for SEE^ and 7A for SEE^. 
The F value obtained (1.2i*) indicates that the two results 
are not significantly different at the 1% and 5% level.
The conclusion is that the two results are not significantly 
different and that the conclusions regarding sample size 
would apply.
Further comparisons of the design models will be made in the 
discussion section of the report.
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TABLE 8
SIMILAR
'- — — u -
REGRESS ION IN THIS STUDY
VARIABLE SIG COEFF. Seb SEE COMMENT
A 1 0.490 0.323 Boyd equation for Q-,.
P 1 2.283 0 .21+5 (log units).Sample
L 1 0.1+28 0 .24 0 s = 0.1+71.
S - 0.083 0 .2 3 9
constant - 6 .722
LL 5 0 .6 25 0.300 0.337 Result for current
LP50M 1 1 .8 8 0.33 O .272 study.
LA 5 0.336 0.173 0.265 Sample s = 0.464*
LS1085 - -0.074 0 .1 2 0.266
constant -3*374
Notes
1. Variables are listed in order of regression selection. 2
2. Boyd used a sample size of 79 catchments 23 of which 
were not in the region covered by this study.
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G9. a p p l ic a t io n  o f r ec o m m en d ed  e q u a t io n s  a s  a  d e s ig n  m o d e l .
For a gauged catchment with values of the mean, standard 
deviation and skew of the logarithms of annual flood events an 
estimate of floods of various exceedence probabilities or 
average return periods may be calculated using equation 9* ”10 
of A.R.&R.. Obviously for ungauged catchments the values of 
mean etc. are not known.
However by using the regional values of the respective 
parameters as calculated by the equations given in Sections G1 
and G3 it is possible to use equation 9.10 of A.R.&R. to 
estimate design floods for ungauged catchments. Thus equation 
9.10 of A.R.&R. may be transformed to the following:
log (Qrp) = R mean + R sd........................ 1
alternatively
log (Qt ) = R * mean + R 1 sd 2
where
R mean = Regional value of mean flood calculated from
equation given in Section G1(a).
R sd = Regional value of standard deviation calculated
in Section G1 (b ).
R ' mean = Regional value of mean using alternative equation
in G3(a).
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R ‘ sd = Regional value of standard deviation using
alternative equation in G3(b).
= Frequency Factor as obtained from Table 9*3 of 
A.R.&R. for a skew of -0.56 as recommended in 
Section G1(c). The values for selected average 
recurrence intervals are given as Table 9 below.
TABLE 9
FREQUENCY FACTORS FOR REGIONAL SKEW OF -0.56 AS 03TAINED
FROM A.R.&R. 0  977).
AVERAGE RECURRENCE INTERVAL (YEARS).
1.11 2. 10 25 50 100
-1 .326 0.093 1.206 1.5M* 1.7*t3 1 .9 1 0
Equations 1 and 2 are described above were applied to the 56 
catchments used to derive the regional equations. Two measures were 
used to determine how well the regional estimates predicted
the values estimated using stream flow records. Those measures 
were the percent within the 90% confidence band and the error
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ratios of predicted to Observed 1 flood.
The percentage of catchments in which the predicted discharge 
of the specified occurrence interval fell within the confidence 
limits is provided in Table 10 for Equations 1 and 2.
TABLE 10
PERCENTAGE OF CATCHMENTS IN WHICH ESTIMATED DISCHARGE USING 
EQUATIONS 1 AND 2 WAS WITHIN THE 90% CONFIDENCE LIMITS 
CALCULATED FROM OBSERVED FLOOD RECORDS.
Recurrence
Interval (T) 1.11 2 10 25 50 100
%  Eqn 1 68 63 68 77 79 79
% Eqn 2 66 55 77 82 88 88
From the table it is clear that for the higher frequency floods 
there is not much difference between the two equations - both 
perform relatively poorly. For return periods in excess of 25 
years there is a slight increase in the percentage within the 
limits for Equation 2.
This test only demonstrates the relative accuracy of the equat­
ions with respect to the accuracy of stream flow records. The
-  1 0 7  -
confidence bands decrease in width at frequencies close to the 
median. There is thus a greater chance for the regional 
estimates to be outside the band.
The fact that R mean was slightly better than R' mean is 
demonstrated by the higher percentage of values within the 
confidence limits for equation 1 at T = 2,
The other test on the predictive capability of the regional 
model is an examination of the error ratios of predicted to 
'observed' floods. Figures 9.1, ' 9.2 and 9.3 illustrate the 
results achieved for the two equations.
Figure 9̂. 1 is a frequency histogram of the error ratios 
obtained for various return periods using the two equations.
A preliminary look at this graph shows a broad range of errors. 
Equation 1 appears to underestimate more than Equation 2.
More detailed and quantitative information is obtained from 
Figures 9.2 and 9.3. Figure 9.2 illustrates that Equation 1 
does in general underestimate the observed discharge and this 
is particularly so for return periods greater than 10 years. 
Figure 9o3 shows that overall the estimates using the two 
equations are as accurate as each other. It also shows that 
between 70% and 91% of the predicted floods are within +100% 
-50% °f the 'observed' floods over the full range of return 
periods.
In general the results indicate there is not a significant
1 0 8  -
difference in accuracy of results obtained although Equation 
2 appears to be the better design equation because it provides 
a more uniform spread of over and underestimates and also has 
slightly better predictive capacity for the lower frequency 
floods.
G1Q. TEST OF REGIONAL MODEL ON INDEPENDENT DATA.
Only 11 catchments were used to test the results and no quantit­
ative comparison between the two equations can be made. In 
this respect only results of the test using Equation 1 are 
presented in Figure 10* The results exhibit a similar trend 
to that illustrated in Figure 9.1 namely underestimating the 
low frequency discharges.
It would appear that in future studies involving regression 
analysis that(in view of the finding on sample size) at least 
50 independent catchments should be used to test regression 
equations developed and compare alternative proposals.
On the basis of the limited data it can only be concluded that 
the design equation gave a similar order of accuracy using 
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H. DISCUSSION AND ANALYSIS.
Hi. ACCURACY.
The prime objective in developing a method for design flood 
estimation for ungauged catchments is to achieve an accuracy 
of estimate commensurate with the estimate achieved using 
stream flow records. Discussion and description of that 
accuracy goal is warranted to gain a better appraisal of the 
results achieved in the study.
Hi c1 Stream Flow Data.
The actual measurement of stream flow has many sources of 
potential measurement errors. Errors may occur in recording 
equipment, in observing flood stages and in converting flood 
stages to discharges by extrapolation of rating curves.
Linsley and Franzini (1972) in Table 2.2 provide probable errors 
for measured stream flow data. Those classified as excellent 
in published records have an accuracy of less than 3% and 
those published records which have been classified as fair 
have an accuracy less than 15%.
Measurement errors are however much smaller in general than 
the time sampling errors associated with estimating a discharge 
of specified frequency of occurrence. Hardison (1969) has 
examined the time sampling error associated with stream flow 
characteristics and relevent details of that paper are summar­
ised below. The characteristics of particular interest are
mean flow, standard deviation, skew and discharge of specified 
frequency.
a) Mean.
Benson (1962) in reporting on the results of a synthetic 
analysis of 1,000 years of records states that at least 12 
years of record are required to define the mean annual discharge 
to within 25% accuracy with 95% confidence - and that was for 
a specified distribution.
The standard error of the mean (SEE (M)) is estimated from the 
formula:
S .E .E .  (M) = S (Eqn 9.11 A.R.&R.).
v/IT
The S.E.E. (M) for the study catchments ranged from 0.032 
(stn 2225 0 2 - s = 0.15 N = 22) to 0. 189 (stn 210045 s = 0.822 
N = 19)- A typical value was 0.095 (stn 203612 s = 0.475 
N = 25).
For the mean standard deviation of O .466 the SEE for the 
recommended regression equation (0.196) represents a station 
with 5*6 years of record. A SEE of 0.212 (alternative equation) 
represents 4 .8  years of record.
In order to obtain an ’accuracy' for the mean similar to that 
achieved for the standard deviation regression (ie 15 years of 
record equivalence), a SEE of 0.120 would be the objective .(see p117) 
The tests carried out did not indicate that any significant
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F i g u r e  1.— Standard error of mean annual or mean m onthly flow. Param eter, N, is num ber of years of record. S tandard error of the standard deviation, SldSD, for samples from a normal population is shown on param eter line.
T.'Ri.E 1.— Relation between standard deviation cf the common loijarilhms, I», and the coefficient of variation, Cv, in a log­normal distribution
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FIG Ürtia 1 1
GRAPHS FROM HARDISON
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STA N D A R D  DEVIATIO N  OF L O G A R IT H M S ./^ , OF 
PO PU LATIO N  OF A N N U A L E V E N T S
F i g u r e  2.— Standard error of median and of 10-ycar event for log-normal distributions of annual events. Param ­eter, Ar, is num ber of years of record.
STA N D A R D  DEVIATIO N  OF L O G A R IT H M S ./;/, OF 
PO PU LATIO N  OF A N N U A L E V E N T S
Figure 3.—Standard error of 20- and 50-3Tear events for log-normal distributions of annual events. Parameter, 
N, is number of years of record.
FIGURE 11 Continued
GRAPHS FROM HARDISON
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improvement in the SEE obtained was possible unless very 
regionalised regressions were performed.
At the extremes of values of catchment standard deviations 
(ie 0.822 and 0.1 3 ) the regression estimate of mean represents 
18 years and less than one year of record respectively.
b) Standard Deviation.
The standard error of estimate for standard deviation of a 
normal distribution is given by :
S.E.E. (s) = s (Eqn 9.12 A.R.&R.)
This error is constant for a given N and values are given in 
Hardison's Figure 1 (See Figure 11).
The ranges of error in log units for the catchments in the 
study ranged from 0.13 (stn 2100^3 - s = 0.822 N = 19) to 
0.02 (stn 22230 2 - s = 0 .1 5  N = 22) and the typical value was
0.067 (stn 203012 - s = O.V75 N = 2 3 ).
The SEE obtained from the regression on standard deviation was 
0.086. This represents for the sample mean of catchment 
standard deviations of O .466 approximately 15 years of record. 
For the two extreme values of 0.822 and 0.13 the SEE represents 
stations with 3 and 1 .5  years of record respectively.
c) Skew.
The standard error of the skew coefficient is given as:
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S.E.E. (g) = ______6N (N - 1 )_______ (Eqn 9« 13 A.R.&R.).
sj (N - 2) (N + 1 ) (N + 3)
The magnitude of this value depends on the sample size (years 
of record). For the sample catchments SEE (g) ranges from
0.38 (15 years) to 0.32 (38 years). The function is plotted in
Figure 12.
N Y EA RS
FIGURE 12
STANDARD ERROR OF ESTIMATE FOR COEFFICIENT OF SKEW. S.E.E. (g)
No ̂ regression equation was found to be significant in estimat­
ing a regional skew. However, a mean value of the sample skew 
coefficient of -G .36 has been used in the design equations. 
This sample mean skew has a standard deviation of 0.63 which 
represents a station with approximately 12 years of record.
-  119 -
Normally a skew coefficient which is within two times S.E.E. (g) 
of zero is considered to be zero. (See A.R.&R. P.112). The 
sample contained only 1i+ catchments (25% of sample) which had 
skew coefficients significantly (at 1% level) different to 
zero. These were all negative.
d) T Year Event.
Hardison gives the error of the T year event SE m for a logxT °
normal distribution as:
SExT = I + k2/2 N
where
= Standard deviation of logarithms.
k = Standard deviation units from mean normally
referred to as •t •. Values can be obtained from 
Table 9-3 A.R.&R. for g = 0.
N Years of record of sample.
This function is plotted in Hardison's Figures 2 and 3 for 
various frequencies (refer Figure 11 ). If it is desired to 
obtain an estimate of QT using Equation 1 or 2 in Section G9 
with an accuracy equivalent to that for the mean in terms of 
years of gauging station record then the following range of 
total standard errors in Table 11 for the design model would 
be required. The values are from Hardison's Figure 2 and 3
for N = 5*
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TABLE 11
SE„t (LOG UNITS) FOR 3 YEARS OF GAUGING STATION RECORD AND 
STANDARD DEVIATION AS SPECIFIED.
RECURRENCE INTERVAL. STANDARD DEVIATION
T (yrs). O.I5 0.466 . 0.822
10 O.O9 O.3O O.5 O
20 0.10 0.35 0 .6 0
50 0.12 0 .38 0.65
100 (calc 'd) 0 .1 3 O.ifO O.7 I
The design model total Standard Error may be calculated for 
the log-normal situation and a comparison made. The following 
formula is used:
S.E.E. Log (Qt ) = S.E.E. (R mean) + (S.E.E. (R sd)).
where
S.E.E. Log (0^) = Total Standard Error of Estimate.
S.E.E. (R mean) = Standard Error of Estimate for regression on 
. mean (refer Section Gla)
= 0.196 log units.
S.E.E. (R sd) = Standard Error of Estimate for regression on
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standard deviation (refer Section G1b).
= 0 .086.
K,p = Frequency Factor as obtained from Table 9*3
A.R.&R. for g = 0 (log-normal).
The comparison is made for the log-normal distribution as it 
is the distribution used by Hardison and also it will give 
a higher S.E.E. log (Q^) than if a skew of -0.56 is used since 
K̂ , decreases as skew decreases. The relevant values are 
provided in Table 12.
TABLE 12
S.E.E. LOG (Qt ) FOR SELECTED RECURRENCE INTERVALS.
RECURRENCE INTERVAL T 10 20 50 100
1.282 1.645 2 .051+ 2 .3 2 6
S.E.E. LOG (Q.t ) 0.31 0 . 3 k 0.37 O . k O
By studying Tables 11 and 12 it is apparent that the regional
model has the theoretical accuracy of a gauging station with 
5 years of record where the standard deviation of those records 
are 0.466 or more. As the values of SExT in Table 11 are 
proportional to it is easy to calculate that for a station
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with a standard deviation of 0.822, the regional model 
provides an accuracy of at least 13 years of record (T = 10 yrs).
e ) General Comment on Relative Accuracy of Regional Model 
Compared With Stream Flow Records.
The foregoing discussion illustrates that if a comparison of 
relative accuracy of stream gauging records as against a 
regional equation is to be made then consideration of the 
estimated standard deviation is required. It is apparent 
that as the standard deviation obtained from stream flow 
records increases then the accuracy of estimates of the mean, 
standard deviation and peak discharge decreases.
In this respect the following conclusions can be made regarding 
the theoretical accuracy of estimates of mean, standard deviat­
ion and log (Qrp) obtained from the regional equations compared 
to stream flow records of specified duration.
i) Where the standard deviation of the logarithms of annual ■ 
flood series exceeds O.i+66 the regional equation for standard 
deviation provides a theoretical equivalent accuracy of at 
least 13 years of stream flow records.
ii) Where the standard deviation as described in (i) exceeds
0.^66 the regional equation for mean provides a theoretical 
equivalent accuracy of at least 5 years of stream flow record.
iii) The regional skew estimate has an accuracy equivalent to 
that obtained with 12 years of stream flow records.
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iv) The accuracy of estimates of logCQ^) obtained using the 
regional equation is theoretically equivalent to that expected 
from approximately 5 years of stream flow records v/here the 
standard deviation exceeds 0.^66.
A plot of the theoretical accuracy of the regional estimates 
of mean,standard deviation and log(Q^) in terms of equivalent 
lengths of stream flow records is provided in Figures 13.1,
13.2 and 13.3.
It is possible using these Figures for the designer to decide 
whether to use the regional equations or stream flow records 
if they are available. This would be carried out by calculat­
ing the regional standard deviation and comparing the equivalent 
years of record with the actual years of record. If by reference 
to Figure 13.1 the regional standard deviation has an equivalent 
length of record longer than that used to calculate the 'observed' 
standard deviation then it is statistically a better estimate.
By using the estimate of standard deviation it is then possible 
to assess the adequacy of the regional estimates of mean and 
Qrp, through the use of Figure 13.2 and 13.3* If the equivalent 
length of stream flow record exceeds the actual record then 
use of the regional parameter is theoretically justified on 
a statistical basis.
Reference to the Figures shows that the regional estimates of 
standard deviation have a higher relative accuracy than the 
other regional estimates. Thus if initial reference to Figure
13.1 shows the stream flow standard deviation has a better 
accuracy than the regional estimate then there is no point 
in using the regional estimates of the other parameters.
In general the regional estimates may be comparable to stream 
flow records for up to 15 years of record. However as the 
average standard deviation for the region is O .466 log units 
then stream flow records in excess of 10 years and on the 
average 5 years are likely to provide better estimates than 
the regional equations. Obviously the designer would also need 




























































13-1 REGIONAL STANDARD DEVIATION
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FIGURE 13
ACCURACY OF R E G  ION Al EQ UAT IO N S  
R E L A T I V E  TO GAUGED CATCHMENTS
-  126 -
Hi .2, Regression Equation,
The accuracy of the predictand obtained from a regression 
equation is dependent on the predictive capability of the 
equation as measured by the Standard Error of Estimate (SEE) 
and the Multiple Correlation Coefficient (R). The accuracy 
is also dependent on the accuracy of the predictors. There is 
thus a statistical error and a calculation error. General 
regression theory for least squares requires that the independ­
ent variables have no associated error. Naturally all physical 
variables have an associated measurement error - this error 
should however be much less than the error associated with the 
dependent variable.
a) Statistical Error.
The measure of statistical error of a regression equation is 
the Standard Error of Estimate SEE. The SEE is the square root 
of the mean of the sum of the squares of residuals. That is:
(SEE)2 2  (Y. -  Y.'>
i=1 —  -
*
where
Y.l = Observed value of dependent variable.
Y.l = Predicted value of dependent variable.
N = Number in sample.
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k = Number of independent variables.
This measure was provided by the statistical package and is in 
effect the standard deviation of the residuals. In using the 
equation it is expected than an estimated value will have a 
probability of approximately 68% of being within plus or minus 
one SEE. Similarly from the properties of the normal distribut 
ion there is a 95% probability that the actual value is within 
two SEE’s of the calculated value.
The SEE value can therefore be considered analogous to a 
tolerance. The level of significance of that tolerance is 
implied by stating it is within a specified number of SEE's.
It is important to note that the SEE represents an absolute 
error in measurement terms and is independent of the magnitude 
of the predictand.
The SEE for
R mean = 0.196. log units.
R sd = 0.086. log units.
R g = 0.63. log units.
where R mean, R sd, R g are the Regional Mean, Standard Deviat­
ion and Skew respectively.
-  1 2 8  -
The general formula for error is defined by the following 
formula given in Southworth & Deleew (1965) as equation 5.8
b) Calculation Error.
for y = f (x1 , x2 xn )
e = A y  = 3f a x . + 3f a  x- + .........2f a xa S. 1 S- 2 ài n1 2 n
where
©a = Absolute error ( Ay) in y
3f = Partial derivation of f with respect to x..
a x .  11
^  x^ = An approximation of the differential dx^ and
represents the absolute error in x..
In application to the regression equation of the form
y = a + b^Xj + b2 x2 + ^3X3 *
then
A y  = b1 ( A x1 ) + b2(. A; x2) + b^( a  x^)
where
y = Predictand.
a = Constant. '
bi = Coefficient of x^.
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A  x. = Absolute error in x..i l
x± = Predictor variables.
For the regression equations recommended in Sections G1(a) and 
(b) the following variables are used:
Log (PAS), Log (A), P90M. DFC, Log (RD) and Log (ELAVE).
PI ÜM
Now if
XT = log X1 (eg. Log (A))
then A X 1 log1Qe
~ * T
and if (ie P90M) 
PI OM
then = a x 2 +
x2 X2 X3
Now assume the following values are reasonable estimates of the 
measurement error of the catchment characteristics.
A  PAS ^  0.05
PAS
PAS ^  100mm
AP9QH = API OM = 0 .0 5 
P90M P1OH
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and P90M/P10M has an a v e r a g e  of 2.235
^  A = 0.05
A





Then the estimated error in H mean is
^ H  mean = 0.711 log. fie / ^  A ] + 0.316/ ^  P90M+ _A_P10M \
1 A } ' P90M Jb'lOM '
r P90M' + 3.26 x 10~5 DFC + 1 .1 if x
' P1 OM average
r 2^ PASX log, ̂ e 
PAS ' 10
= 0.015 + 0.071 + 0.016 + 0 .0 2 5  
= 0 .1 2 7
<SEE (R mean) = 0.196.
Similarly for R sd
A R  sd = 0.075 (cf SEE (R sd) = 0.086)
Thus it can be concluded that the regression equations have 




From Section Hi.2 it was concluded that the accuracy associated 
with calculating the dependent variable is greater than the 
statistical accuracy of the estimating equation. It is there­
fore possible to neglect the calculation accuracy and only 
consider the SEE as the estimate of error.
Table 12 provided values of the SEE log(Q^) for the regional 
equation V for selected recurrence intervals' and a skew of 0. 
If the SEE's for a recurrence interval of 1.11, 2 and 25 years 
are also calculated it is possible to compare the SEE with the 
proportion of the sample v/ithin selected error bands shown in 
Figure 9.3.
SEEThe antilog of SEE (ie 1 0 ^  ) is equal to the error ratio
SEEQ est/Q obs. The inverse (1/10 ) is equal to Q obs/Q est.
Using this relationship and the properties of the normal 
distribution in regard to proportion of estimates within *t’ 
times SEE, Table 13 may be constructed.
These values are based on the log normal distribution. It is 
realised that the design method uses a skew coefficient of 
-0.56 which will tend to decrease the SEE for low frequency 
discharges and increase the SEE for high frequency discharges. 
As there is a large associated error with the estimate of 
skew the use of g = 0 produces conservative errors in the 
calculation of SEE log(QT ). This in turn decreases the t 
statistic used in deriving Table 13. The result is that
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TABLE 13
EXPECTED PERCENTAGE OF CATCHMENTS WITHIN ERROR BANDS BASED ON
STATISTICAL THEORY.
ERROR RATIO U  15 1.30 . 1.5.. 2.0 3.0 5.0 10
%  ERROR BAND +15 +30 +50 +100 +200 +400 +900
-13 -23 -33 -50 -67 -8 0 -90
LOG UNITS 0.061 0. 1 11f 0.176 0 .30 1 0.477 0.699 1.000
T SEE
YEARS l o g , 0 (2t2
1.11 0.31 16 29 43 67 87 97 100
2.0 0.20 24 43 62 87 98 100 100
10 0.31 16 29 4 3 67 87 97 100
25 0.35 13.5 26 33 61 83 95 100
50 0.37 13 24 37' 58 80 94 99
100 0 .4 0 12 23 34
- -
55 77 92 99
The table has been constructed from tables for the area under 
the normal curve where t = error ratio (lo,g; units)
SEE log03T )
133 -
percentages should be slightly higher than quoted however the 
difference has no practical significance.
If values in this table are compared with Figure 9.3 it is 
found that the results obtained with the catchment data are 
in general conformity with the expected theoretical distribut­
ion. A check on selected results for the 11 test catchments 
also confirm the result.
These results indicate that the predicted accuracy of the 
regional equation is a satisfactory estimate. It also indicates 
that the conclusion regarding the insignificance of calculation 
error compared to the statistical error is sound.
HI.A« General Conclusion on Accuracy.
It is possible after considering the previous discussion to 
state the following conclusions with respect to the accuracy 
of the proposed design equations.
1. Depending on the estimated value of standard deviation, 
estimates of mean, standard deviation and Q are commensurate 
with the expected accuracy of stream flow records of between 
(in general) 5 to 10 years.
2. Calculation error in the regression equation is not as 
critical as the statistical error.
3. The results achieved by the regional equation by testing
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on the 56 catchments used in deriving the equations and the 11 
test catchments conforms with the expected results based on 
statistical theory.
\\Z . CQMMENT ON METHOD OF ANALYSIS.
H2.1 Multiple Regression.
Vorst & Bell (1977) in a review of catchment geomorphology and 
its hydrologic significance provide criticisms of multiple 
regression. In particular they state (Page 5 )
'Although correlation or regression techniques are very useful 
for some purposes, they also have limitations, particularly 
in stream flow prediction*.
It is therefore warranted to examine these criticisms and 
determine if they apply to the current study. These deficiencies 
can be summarised using the following extracts from Vorst & Bell
a) "Few published studies.......... have made use of parameters
other than those obtainable from standard maps". (Page 5)*
b) "their (regression techniques) simple mathematical forms 
are poor representations of the manner in which hydrologic 
variables operate and interact". (Page 5)»
c) "... complications (arise) from interrelationships between 
variables in regression equations, particularly when a number 
of such variables are used in a single equation".
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H2.1.1 Use of Parameters Other Than 'Those Obtained From Maps. 
Obviously one of the basic reasons that parameters derived from 
maps are preferred is that they are relatively simple and 
economical to obtain. The use of field surveys for a large 
number of catchments over a wide area can be both time consuming 
and expensive. If these surveys are carried out by different 
people there can also be problems with achieving constant 
responses especially if the survey requires subjective 
information.
Many of the alternative parameters suggested by Vorst & Bell 
such as channel form, bed and bank storage characteristics, 
effective (microscale) channel and overland flow slopes etc. 
can vary considerably over a catchment. There becomes signif­
icant problems in deriving consistent average measures of 
these variables over the whole catchment. If subareas are 
used there are often problems associated with delineation of 
those areas.
Whilst this study did not use field measured variables it 
did include one set of indices which are generally considered 
to have an inportant hydrologic influence on flood magnitude - 
that index was channel slope. The study used three measures 
ranging from the simple to the complex as a means of averaging 
the slope for the catchment. The variable was not significant 
in the regression.
Although these geomorphic factors mentioned by Vorst & Bell do 
have an influence on the stream flow there is no reason to
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believe that they would significantly improve the regression 
equations individually. Furthermore the expense and time 
involved in defining and deriving many of the proposed variables 
is not warranted when on the basis of the present study there 
is no indication that they v/ould enter the equation ahead of 
such factors as main stream slope, forest ratio and lake ratio.
H2.1.2 Simplicity of Model.
Regional flood frequency methods are not intended to replace
complex rainfall - runoff process models. They are intended
for waterway calculation for bridges and culverts on small to 
2 2medium (10km to 5>000km ) catchments and as a preliminary 
assessment of the need for more detailed studies in larger 
projects.
There would appear to be little point in using a complex 
model if the detailed information required to calibrate the 
model was not available and because of this the accuracy of 
the results could not be guaranteed to be more accurate than 
a simple model.
Furthermore the very simplicity of the model can be an attrib­
ute in that the very complex interactions of climate and 
geomorphology may be contained within the one index. For 
example annual rainfall is an index of average antecedent 
v/etness, rainfall duration and intensity.
Although the indices do not have direct causal effects the 
coefficients in a well constructed regression analysis will
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exhibit the expected influence on the dependent variable. As 
an example it would be expected that the higher the annual 
rainfall the higher the mean annual flood. Similarly it is 
expected that generally a catchment in the same hydrologic 
zone which is twice the size of another will have a mean 
annual flood not quite twice the size. The catchment area 
exponent or coefficient of 0.7 to 0.8 is in accordance with 
that expectation.
All the variables used in the recommended regression equation 
have a sound hydrologic significance.
H2.1.3 Independence of Predictors.
One of the basic assumptions in multiple regression analysis is 
that the independent variables should have zero correlation 
when combined in the equation. However, as previously stated, 
Bock et al in reporting Brownlee (Statistical Theory and 
Methodology in Science and Engineering. 2nd Edition. Wiley 
1967) say there is no requirement in the statistical sense that 
the variables be independent.
Boyd (1978b) demonstrated that although catchment area (A) and 
main stream length (L) are interrelated the effect in the 
regression equations was to alter the coefficients in a manner 
expected from the relationship. In the example used by Boyd 
L O  A and when the coefficient of L (0.322) in the regress­
ion was multiplied by the exponent in the relationship with A 
the effect was to obtain a coefficient of A in the regression 
similar to that obtained when L v/as not included.
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It is also evident in the results from this study that where 
two variables are highly interrelated when one variable enters 
the regression the second variable will no longer make a 
significant contribution. This particularly applied to 
catchment area and main stream length.
Despite these points indicating intercorrelation is not an 
important consideration it does have a influence which can 
not be neglected. Nie et al (1975) summarises these points 
as follows (Page
i) If at least one of the independent variables is a perfect 
linear function of one or more other independent variables in 
the equation, the coefficients may not be uniquely determined. 
Perfect collinearity would lead to the problems of a zero 
divisor. If extreme collinearity exists (intercorrelations
in the 0.8 to 1.0 range) it may not be possible to invert 
the correlation matrix of the independent variables.
ii) Estimates of the regression coefficients from sample 
to sample fluctuate markedly.
Thus it would be reasonable to conclude that whilst minor 
intercorrelation is acceptable, extreme correlation between 
independent variables should be avoided. This concept was 
adhered to in the current study and influenced the variable 
selection for the final equations. The correlation matrix for 
recommended equations is given in Table 1/*.
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TABLE 14
CORRELATION MATRIX OF INDEPENDENT VARIABLES IN
RECOMMENDED EQUATION •
LA LPAS RP901 OM DFC MLPAF
LA 1.0
LPAS -0.259 1.0
RP901 OM -0.122 0.085 1.0
DFC 0.309 -0.77 -0.125 1.0
MLPAF 0.632 0.385 -0.335 -0 .30 3 1.0














SD -0.177 0. ¿+91 0.289 0 .0 25 1.0
It is apparent that the only variables highly correlated are 
DEC with LPAS and LED with PAS. These variables were retained 
primarily because they did reduce the SEE and furthermore were 
significant at the \ % level. Their inclusion in future studies 
may be reviewed. No problems with inverting matrices or zero
divisors were reported in the statistical package
H2.2 Regional Model.
The basic reasons for selecting a regional model which depended
on the descriptive parameters of a statistical distribution
have been described in Section D3. It is now an appropriate
point to consider the benefits and deficiency of the model in
the context of the study results.
/
H2.2.1 Benefits and Deficiency of Model.
The flood frequency model as developed in this study has two 
major deficiencies. The errors in estimating the descriptive 
parameters are compounded, and,the inherent flexibility of the 
LP3 distribution is lost by specifying a specific value of 
skew.
The discussion on accuracy in Section Hi clearly demonstrated 
the compounding effect of errors in R mean and R sd influenc­
ing the estimate of (see Table 12). When it is considered 
that the coefficient of skew also has an associated error it 
can be seen that the estimate of total error can also vary.
If specific values of were the predictand and thus were 
obtained directly from the regression equation then the 
compounding error effects would be eliminated. In their place 
however would be a higher SEE than for the individual descript­
ive parameters. This is due to the time variable influence in 
estimating floods of low occurence frequency. Obviously the
two methods should be compared to determine which provides 
the better accuracy. There are certain disadvantages in 
estimating specific Q̂ , values in that a number of equations 
(6 to 7) are required to define the flood frequency curve.
This is not a significant problem.
One of the major attributes of the LP3 distribution is the 
inherent flexibility in three descriptive parameters. However 
the effective estimation of a coefficient of skew from catch­
ment characteristics has eluded many researchers (eg. Thomas & 
Benson, Cruff & Rantz). A specific value is usually used which 
is the average of values in the region. The flexibility is 
therefore lost as the third parameter is no longer available.
Thus it may be more appropriate to fit a two parameter 
distribution which utilizes the regional estimates of mean 
and standard deviation to values calculated using the L?3 
distribution. The obvious initial choice is the log-normal 
distribution which is a special case of the LP3.
Another possibility is to derive a frequency factor for 
evaluating floods of specified frequency. The frequency factor 
would be derived by rearranging Equation 1 in the following 
form:
K'ip = log(Q,p) - R mean
R sd
where
T = The frequency factor for return period T years
qt = The estimated flood of- return period T years
derived from observed records using the LP3
distribution for that catchment
R mean = Regional mean estimated from the regression
equation.
R sd = Regional standard deviation estimated from the
regression equation.
A preliminary check for ^  using the 36 catchments in the 
study provided a mean factor (2 .1 2 3 ) which had a
standard deviation (0.565) as great as the standard deviation 
of the mean skew. Comparison of that value with the tabulated 
K̂ , factors for the LP3 distribution indicated the was
equal to that obtained for a skew of -0.3.
A high negative skew decreases the estimated QT for low 
frequencies and increases the high frequency estimates. If the. 
regional model has a tendency to underestimate low frequency 
floods for given skew then this may be corrected by using 
a higher skew coefficient.
This was investigated and values calculated using regional 
equation 1 and the log-normal (g = 0) distribution. The 
result was correction of the underestimation tendency. The 
error distribution was similar to that obtained using Equation
2 (ie incorporating the alternative regional equations to 
estimate the mean and standard deviation and the skew of -0.56).
It is not possible from the investigation to recommend any 
particular value of (g) nor to recommend any set of frequency 
factors. It is possible however to state the following
i) The use of the recommended equations for R mean and R sd 
as described in Section G1 is expected to provide marginally 
better results than estimates using the alternatives in G3.
ii) The use of Equation 2 as the regional model for estimating 
floods of specified frequency provides a better distribution
of estimates compared to Equation 1 which incorporates R mean 
and R sd.
iii) The use of Equation 1 with a skew coefficient of 0 will 
provide estimates with a similar error distribution to that 
obtained by Equation 2 with skew = -0.56.
iv) A preliminary check of the benefit of deriving frequency 
factors indicated there would be no significant improvement 
compared to using a skew of 0.
From the above it appears that the proposed general regional 
model does allow the designer a certain degree of latitude - 
selecting a frequency factor or skew coefficient as appropriate. 
When selected Qrp values are estimated from the regression
equation this flexibility is not available.
h 3. c o m p a r i s o n w i t h o th er d e s ig n m o d e l s .
A design model for flood estimation should idealy be evaluated 
against other available methods for the region of derivation 
to determine its adequacy. A number of problems are raised.
How many catchments should be used? What type of catchments 
and where should they be located? Who should carry out the 
comparison? What should the basis of comparison be?
The answer to how many catchments can also answer what type 
and where they should be located. The results of this study 
indicate at least fifty catchments are required to give an 
adequate coverage and allow for the expected deviations 
inherent in any model. Naturally the catchments should cover 
the region of development and include the range for which its 
use was intended. Preferably the catchments selected should 
not have been used in the design model derivation as this 
could give a particular model a preferential bias. Limited 
data sources probably dictate a compromise is required and that 
only as many independent catchments as possible should be used.
To avoid possible bias in catchment selection and in interpret­
ation of results the testing and evaluation of methods should 
be carried out by an independent researcher. The basis of 
comparison should be some statistical interpretation and in 
this respect the methods used by Bock et al and Boyd (1979) 
appear appropriate. The testing should be compared with gauged
data preferably with a length of record of at least 10 years.
The design floods should be of a recurrence interval of normal 
use. In this respect, a survey by Pilgrim & Cordery (1980) 
indicated (Table vi) that G k %  of local authorities used design 
recurrence intervals greater than 10 years even for minor 
bridges and culverts v/hich suffered only minor damage. Since 
the annual flood series and the partial duration series are 
approximately equal for recurrence intervals greater than 10 
years (Croton & Boyd 1980, A.R.&R. 1977) it would be reasonable 
to expect the comparison be made for recurrence intervals 
greater than 10 years calculated using the annual flood series.
The point of the discussion is,it is not appropriate for the 
author to compare the model developedjOn a quantitative basis. 
Furthermore the work involved with such a comparison would 
have at least equalled the initial effort in deriving the 
model. Whilst evaluations between different design methods 
available and applicable to eastern N.S.W. have been performed 
(Boyd 1979, Webb & O'Loughlin 1981) the comparison has been 
deficient in many of the points raised. As an example the 
study by Boyd used only 10 catchments. Also the evaluation by 
Webb & O ’Loughlin whilst covering 36 catchments had very little 
observed data to compare with. Thus the conclusion that the 
Pilgim method provides 'anomalous results' should not imply that 
it is worse than other, methods. These alternative methods 
may be consistently low.
A qualitative comparison pointing out potential deficiencies in 
alternative design models and the benefits of each is appropriate.
- 1 4 6  -
To this end the Boyd (1978b) method, the Pilgrim & McDermott 
(1981) method and very briefly the Cordery & Webb (1974) method 
will be examined. These methods have been selected because 
they cover the study region and they have all been developed 
to estimate design floods for small to medium rural catchments 
in N.S.W..
H3.1» Boyd Method.
This design procedure has been described in the Literary 
Review as well as other sections of the report. It is obviously 
the major alternative to the model developed in the study in 
terms of a regression model.
The first important consideration is relative accuracy. The 
Boyd regional flood frequency method has Standard Errors of 
Estimate for various recurrence intervals and these can be 
compared with values given in Table 12 and 13. The comparison 
can be made on the basis of the F test and this is done in 
Table 15.
The Boyd analysis has 7 9 - 2 - 1  degrees of freedom and the 
regional model proposed in this study has 56 - 9 - 1 = 4 6  
degrees of freedom (8 independent variables plus skew). A 
check of the tabulated F values shows no SEE is significantly 
different at the 1% level and thus the two methods should 
statistically yield similar results. -
TABLE 15
COMPARISON OF SEE FOR EQUATIONS RECOMMENDED BY BOYD 
AND THOSE GIVEN IN TABLE 13.
SEE
Recurrence Interval 1.11 2 10 25 50 100
Boyd Q.30Z+ 0.2Zf5 0.267 0 .29 0 0.313 0 . 3 k
Table 13 0.31 0 .2 0 0.31 0o35 0.37 O . k O
F value 1 .Ok 1.30 1.35 1 . ¿f6 1 . k O 1 .3 8
It is apparent that the Boyd method has lower SEE values for the 
higher return periods and may be slightly better in this area.
One problem with the Boyd method is the exponent of PC the 
median annual rainfall)which averages approximately 2.3.
An error in P would therefore have a greater effect on Q^.
An error analysis similar to that performed in sectionhfl.2 
yielded an arithmetic error for Q2 of 0.06L which was much less 
than that obtained for the estimate R mean (0.127). Some 
possible reasons for this are Boyd only uses two variables 
and the error associated with a ratio (ie P90M/P10M) is the 
sum of the relative errors. The result is almost similar to 
having an exponent of 2.0. In both methods the expected 
arithmetic error is less than the statistical error.
If the method by Boyd yields better or as good a results as the 
model proposed than it would appear to be a better alternative
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due to its simple construction. Any such evaluation should 
be made in the light of the previous discussion. The evidence 
suggests that both methods will average a similar order of 
accuracy.
H3.2» Pilgrim & McDermott (1981).
The study by Pilgrim & McDermott is an extension and further 
development of the French et al (197^t) Statistical Rational 
Method. The extension was increasing the data base to 
incorporate 28A catchments. The major development was a new 
formula for estimating the time of concentration.
The equation used by Pilgrim & McDermott
Q(Y) = 0.278 C(Y) . I(tc, Y) o A
where
Q(Y ) = peak flow rate of recurrence interval Y years.
C(Y) = Runoff coefficient for recurrence interval of
Y years.
A
2= Area of catchment (km ).
I(tc, Y) = Average rainfall intensity (mm/hr) for duration 
tc and recurrence interval Y years.
is basically of a similar form to that used in regional
regression equations. It has both geomorphic and climatic 
independent variables in the area and intensity terms. It 
also features a combined regional and frequency factor in the 
C(Y) term. The isopleths of C(Y) provide the regional feature 
while the frequency factor is provided by the term
One major deficiency in terms of representing a regional 
regression equation is the functional form is predetermined.
In particular both ’I1 and 'A* have exponents of 1.0 where as 
two regressions in the region give an exponent of approximately 
0.7 for area and approximately 2.0 for the rainfall parameter 
(Boyd, 1978b and current study) when the two variables alone 
are considered together.
Results presented by Pilgrim & McDermott in Figure 2(a) 
indicate excellent accuracy compared to results provided by 
this study and by Boyd. The error ratio can be considered as 
SEE in log units by use of the relationship
SEE
L o s10 %
%
where
SEE Standard Error of Estimation
Qe Estimated discharge
Q,0 Observed discharge
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Pilgrim & McDermott's Figure 2(a) shows approximately 82.3% 
of the catchments fall within the 1.3 error ratio which 
represents 1.35 times the SEE for a normal distribution.
Therefore the SEE = 0.08*f (ie log (1 .3)/1 .35) which compared to 
0.267 for Boyd's equation for Qjq and 0.3^ for the result for 
this study (see Table 15) is very good. The reason for the 
improved accuracy is not obviously apparent. The equation is 
not any better in terms of explaining the complex interrelation­
ships of hydrology and is not basically different to the regress­
ion equations.
The only factor that can account for the accuracy is the 
regional location of C(Y). The drawing of isopleths to the 
degree indicated in Pilgrim & McDermott's Figure 1 has in 
fact created very regionalised coefficients. It is likely 
that an unknown amount of degrees of freedom in the statistical 
sense are lost by this process and it therefore becomes 
difficult to interpret the results statistically. It is 
however obvious that for the 10 year discharge good results 
can be expected. A similar level of accuracy using regression 
equations may possibly be achieved by plotting isopleths of a 
frequency factor. This would need to be a separate investig­
ation. It would not appear possible on the basis of error 
propogation to achieve the same order of accuracy using the 
regional model proposed in Equation 1 of this study because 
the basic unit of the model (mean discharge) has a high SEE 
(approximately 0.2 log units). However any testing should 
be on the basis previously outlined.
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In comparing the results achieved by Pilgrim & McDermott it is 
worth commenting on some points regarding the estimation of 
the Q(Y) values. The Pilgrim & McDermott study used the peak 
monthly flows as an approximation of the partial duration 
series. The base flow selected was the lowest which would give 
the total number of rankings to equal the length of record in 
years. Thus the partial duration series in effect becomes an 
approximation of the annual series and the relationships between 
partial and annual series as indicated in A.R.&R. equation 9 » k  
may not hold.
Some of the features exhibited by the logarithms of the partial 
series as used by Pilgrim & McDermott and as expected from 
such a series are
a) high mean.
b) low standard deviation.
c) positive skew coefficient.
These parameters along with various other detailed catchment 
information are presented by McDermott & Pilgrim (1980).
The reason for these features lie in the fact that some peak 
annual flov/s are excluded where the peak flows that year are less 
than the Nth rank for N years of record. This means the 
floods are generally higher than the annual series and have 
a lower degree of spread or standard deviation. The most 
important feature is that a positive skew also occurs
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where as the logarithms of the annual series generally have a 
negative skew. The consequence is the LP3 flood frequency 
curve plotsjconcave upwards for the partial series and concave 
down for the annual series and thus(given the same mean and 
standard deviation)the partial series will give a higher 
estimate of qq than the annual series.
However as the standard deviation is lov/er in the partial series 
the effect is lessened. The degree to which it is influenced 
depends on how much lov/er the standard deviation is and how 
much higher the mean is. It would thus be interesting to 
compare the calculated values of selected catchments used by 
Pilgrim & McDermott and also as used by Boyd (1973b) with 
values calculated in this study. This is done in Table 16.
All methods used the LP3 distribution and Boyd used the annual 
series but not the same annual series in all cases as used in 
this study. Only Q<_q and Q-j qq values are compared as these are 
commonly used recurrence intervals for bridges and culverts 
subject, to moderate damage (Pilgrim & Cordery, 1980). These 
recurrence intervals will also show any major discrepency in 
the estimates which may be attributed to the different skew 
coefficients.
The Table is not intended to provide a quantifiable comparison 
as only a limited (10) number of catchments have been compared. 
It illustrates some important facts regarding design flood 
research.
i) Researchers do not use consistent time periods
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TABLE 16
COMPARISON-OF CALCULATED VALUES OF Or-« and Q, ̂  FOR VARIOUS -.. —  ------- -50----------- 341 uo----------- ---------------
GAUGED STATIONS.
(m3/s)










20601 5 530 (26)
208001 75 (21 )
2 10 0 19 113 (2 9 )
% G
BOYD PILGRIM &
Mc De r m o t t
2085 (28) 1540 (28)
1350 (16) 1210 (28)
- 590 (26)
830 (18) 1060 (24)
1770 (1 5 ) 1380 (2 5 )
1960 (1 5 ) 121 0 (2 9 )
1165 (2 9 ) 758 (47)
500 (2 7 ) 580 (27)
51 (1 4 ) 79 (28)
76 (2 5 ) 140 (34)
-  -
TABLE 16 C o n t in u e d ,
s t a t i o n  , ______________ ,______________S t 0o
THIS STUDY BOYD PILGRIM & 
Mc DERMOTT
201 001 2030 237O 1720
201 005 H 50 I39O 1310
203002 890 - 680
203OI3 I39O 950 -
204OI9 19^0 245O 1840
204020 2220 2765 1690
206001 1 O72 I5OO • 96k
206015 550 51*t 680
208001 88 58 95
210019 150 89 185
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ii) Different researchers get different results even for 
gauged catchments with relatively long lengths of record and 
using the same basic distribution.
The Table does not provide any evidence to indicate if the 
procedure used by Pilgrim & McDermott underestimates or 
overestimates the and Q-j qq compared to the annual series.
H3.3. Coraery & Webb (1974).
Whilst this method is a hydrograph design method and it is not 
exactly appropriate to compare peak flow estimates it will 
become increasingly popular because of its simplicity and 
because results can be achieved quite rapidly using small desk 
top computers. It thus should be considered in any future 
comparison and evaluation of available design methods
The main deficiency apparent in the study by Cordery & Webb is 
only 16 catchments were used to derive the unit hydrograph 
parameters by regression analysis. Whilst an independent 16 
catchments were used in testing the model it v/ould be of 
interest to know if the same high correlation of catchment 
parameters with C & K can be achieved using a larger data 
base over the same region.
It is also of interest to compare the accuracy of the method for 
the 10 year peak discharge as shown in Figure 5 of the paper. 
Approximately 75% of the results lie within the error band 
0.67 to 1.5 which can be converted on the basis of a normal
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distribution to +1.15 times SEE. Therefore the result is 
equivalent as described before to a SEE in log units of
0.176/1.15 = 0.153.
This again is a better result than achieved by the regression 
equations. However as previously discussed a comparison using 
a larger data base is required.
¿f. SUMMARY OF DISCUSSION AND ANALYSIS.
This discussion has shown the accuracy of the regional equations 
for mean and standard deviation are comparable on the average 
with streams with 5 and 15 years of record respectively. The 
results obtained for the regional flood estimation model using 
these regional parameters are in accordance with those expected 
on a statistical basis.
A qualitative comparison of the method with other applicable 
regional design flood methods used in the region show the 
proposed model to give comparable results to those of Boyd 
(1978b) in terms of accuracy but could not obtain the reported 
accuracy of the Pilgrim & McDermott rational statistical 
method.
It is recommended that consideration should be given to develop­
ing isopleths of a frequency factor for use in regional 
equations. This still may not achieve an accuracy compariable 
to that published by Pilgrim & McDermott. Evaluation of 
regional design models should be performed by an independent
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researcher using a sample of at least 50 catchments, of which 
as large a proportion as possible are not used in the derivat­
ion of any o,f the models under consideration.
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I. CONCLUSIONS.
1. A short »list of 7 general catchment characteristics is 
recommended from a list of 8A variables (including arithmetic 
and logarithmic transforms). The list consists of catchment 
area, average elevation, main stream length (with conditions), 
annual precipitation (no specific measure recommended), ratio 
of 90 percentile to 10 percentile annual precipitation, average 
number of rain days and distance of catchment centroid from 
the coast. The recommendation is based on the results of 
regression experiments using 56 rural catchments to estimate 
Log Pearson Type III parameters mean, standard deviation and 
skew coefficient as well as coefficient of variation for the 
annual flood series.
2. Two alternative equations are recommended for estimating 
the mean and standard deviation from catchment characteristics. 
The equations differ principally in the measure of annual 
precipitation used. The first gives slightly better results, 
the alternative has more easily calculated variables.
3. No significant relation between catchment characteristics 
and coefficient of skew was found. The regional average of 
-0.56 was used.
A. The alternative equations for mean and standard deviation 
were incorporated into two alternative regional flood frequency 
equations. Equation 1 when used with a coefficient of skew 
of zero gives similar results to Equation 2 when used with a
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coefficient of skew of -0.56. The results have an accuracy 
comparable to five years of gauging streamflow records for the 
average stream with a standard deviation of 0.^7.
5. An investigation indicates a minimum sample of 50 catchments 
per category is required to check sensitivity of results to 
catchment area, years of record or regional stratification.
The experiments checking this sensitivity involved samples of 
less than 50 catchments and no conclusions can be drawn.
6. A qualitative comparison of other regional flood frequency 
estimation methods showed the results are comparable to that 
obtained by Boyd (1978b) but could not meet the reported 
accuracy of Pilgrim & McDermott (1981). A more detailed 
evaluation of methods using at least 50 independent catchments 
is required to form quantitative conclusions as to the better 
regional flood frequency method suitable for coastal N.S.V/, 
streams.
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This appendix will provide background information and revision 
for the statistical techniques of regression analysis. It is 
not intended to derive any of the equations quoted as this is 
well covered in the texts. Particular emphasis is placed on 
the output provided by the statistical package used in the 
study - SPSS.
2. Least Squares Regression.
Regression analysis is the determination of mathematical models 
of correlative association of two or more variables so that 
the best prediction of one variable can be obtained from the 
other (s) (Yevjevich 1972). Correlation is the degree of 
association between samples of two variables and is measured 
by a correlation coefficient. '
Least squares regression is the determination of a function of 
independent variables by minimizing the sum of the squares of 
the deviation of measured dependent variable values about the 
function. The following assumptions (Riggs 1968 Page 7) 
made :
1 . Deviations of the dependent variable-about the regression
AZ
line are normally distributed with constant variance throughout 
the range of definition.
2. Values of the independent variable are known without error.
3. Observed values of the dependent variable are uncorrelated 
random events.
if. Each of the variables is homogeneous in that they belong 
to the same group.
3« Simple Linear Regression.
The regression equation with the functional form 
y = a + bx
where
y = Dependent variable
a Constant
b Coefficient.
x = Independent variable.
is a simple linear regression equation.
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A non linear equation of the form
b
y ax
can be transformed into a linear equation by the following 
transformation
Other transformations are possible and are referenced in the 
literature.
The values of 'a' and 'b* may be determined to satisfy the 
criteria of least squares by the following equation (Nie et al 
1975 Page 32).
b = 2  (x - x) (y - y)
log y = log a + b log X
2 (x - x)2
a y - bx
where
a and b are as defined previously.
x = Measured independent variable.
x Mean of x values.
y - Observed value of dependent variable for specified
x.
y = Mean of y values
The value minimized is
¿ X y  - y 1 )
where
y = The estimated value of y obtained from the
equation
and the term:-
( y - y ' )
is the residual or deviation«, 
if. Multiple Regression.
Multiple linear regression is an extension of simple linear 
regression to two or more independent variables. The function 
has the general form
y a + b ]x J+ b2x2 +
where
y = Dependent variable.
a Constant
bi = Regression coefficients.
- AS -
X .i Independent variables»
Values of a and b^ are determined by solving a set of simultan­
eous equations derived by differentiating S(y - y*) and 
equating the partial derivative to zero (Nie et al Page 328). 
These are the normal equations which for two variables are
a + b^x^ + b^x^
_ 2 _ _
b (x1 - X1 ) + b2 (x1 - x^Cx^ - x^)
b (x^ - X i)(x2 ~ x2 ) + b2 (x2 “ x2 )
y
(y - y)(x 1 - x ]j) 
(y - y)(x2 - x2 )
where
X.1 Mean of x. values. 1
and other variables are as previously defined.
3« Definition of Terms Used in SPSS Output.
Typical output from the computer programme is shown in Figure 
Al. The terms referred to are defined as follows.
a) MULTIPLE P .
This is the multiple correlation coefficient.
b) 5 SQUARE.
Is the square of the multiple correlation coefficient and is
derived from
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R2 = S  (y - ,y)2 - S(y -- y*)2
' S  (y - y)2
and represents the proportion of variance explained by the 
regression equation.
c) ADJUSTED R SQUARE.
2This accounts for the effect of sample size on value of R „
adjusted R2 = R2 -/k - 1 \ (1 - R2 )
AN - k /
where
k = Number of variables.
N = Sample size.
d) STANDARD ERROR.
This is the Standard Error of Estimate SEE such that
SEE = H( y  - y' )2
(N - k - 1 )
e) SUM OF SQUARES.
SSy = SSreg + SSres.
where
ssy  = 2 ( y  - y ) 2 -
= sum of squares of y.
SSreg = S ( y *  -  y ) 2
= sum of squares of regression
SS res 2  (y -  y 1 )2
sum of squares of residual.
f) M E M  OF SQUARES.
For j
Regression = SSreg 
DFreg
For
Residual = SSres 
DFres
where
DFreg = Degrees of freedom of regression 
= k
= number of variables in equation.
DFres Degrees of freedom of residual 
N - k - 1 (N = sample size).
g) REGRESSION F .
F = SSreg/k________ __ (eqn. 32 of Nie Page 335)
SSres/(N - k - 1)
h) __B. .
This is the regression coefficient (b^).
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i) BETA.






r ^  is the correlation coefficient between x and x^.
j) STD ERROR B .
Standard error of estimate for B coefficients.
k )  _F .
F value for variable when entered in equation. It has 1 and 





This is BETA value of appropriate variable if it alone was 
entered into equation in next step.
m) PARTIAL. '
This is the partial correlation coefficient if variable was to 
enter equation in next step.
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n) TOLERANCE.
This is the proportion of variance of the independent variable 
not explained by variables in the equation. Zero indicates 
perfect linear combination and 1 indicates it is uncorrelated 
with other variables in the equation.
o) _F.
This value of F represents the F statistic for the variable if 
it were to enter the equation in the next step.
F and TOLERANCE are specified with minimum values for which 
the variables are to enter the equation.
p) RSQ CHANGE.
2This is the change in R as each variable enters the equation.
q) SIMPLE R .
This is the correlation coefficient between the dependent 
variable and the independent variable.
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APPENDIX A Continued.
6. STATISTICAL TABLES.
(Source: Pickmers 8« Todd (1967)).
TABLE TITLE
A1 Areas Under The Normal Curve.
A2 Critical Values of Students & Distribution.
A3 Critical Values of The F Distribution For 0.05
Significance.
Aif Critical Values of The F Distribution For 0.01
Significance.
A5 Values of The Correlation Coefficients For Different
Levels of Significance.
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Table A-l Areas under the Normal Curve
t =
X  — n  
a
0 .0 0 0 .0 1 0 .0 2 0 .0 3 0 .0 4 0 .0 5 0 .0 6 0 .0 7 0 .0 8 0 .0 9
4- 0 .0 0 .5 0 0 0 0 .5 0 4 0 0 . 50 S 0 0 .5 1 2 0 0 .5 1 6 0 0 .5 1 9 9 0 .5 2 3 9 0 .5 2 7 9 0 .5 3 1 9 0 .5 3 5 9
4- 0.1 0 .5 3 9 8 0 .5 4 3 8 0 .5 4 7 8 0 .5 5 1 7 0 .5 5 5 7 0 .5 5 9 6 0 .5 0 3 6 0 .5 0 7 5 0 .5 7 1 4 0 .5 7 5 3
4 -0.2 0 .5 7 9 3 0 . 5S 32 0 . 5 S 71 0 .5 9 1 0 0 . 5 9 4 S 0 . 59 S 7 0 .6 0 2 6 0 .0 0 6 4 0 .6 1 0 3 0 .6 1 4 1
4- 0.3 0 .6 1 7 9 0 .6 2 1 7 0 .6 2 5 5 0 .6 2 9 3 0 .6 331 0 .6 3 6 8 0 .6 4 0 6 0 .0 4 4 3 0 .6 4 8 0 0 .6 5 1 7
4- 0.4 0 .6 5 5 4 0 .6 5 9 1 0 .6 6 2 8 0 .6 6 6 4 0 .6 7 0 0 0 .6 7 3 6 0 .6 7 7 2 0 .6 8 0 8 0 .6 8 4 4 0 .6 8 7 9
4 - 0 .5 0 .6 9 1 5 0 .6 9 5 0 0 .6 9 8 5 0 .7 0 1 9 0 .7 0 5 4 0 . 70 S 8 0 .7 1 2 3 0 .7 1 5 7 0 .7 1 9 0 0 .7 2 2 4
4- 0 .6 0 .7 2 5 7 0 .7 2 9 1 0 .7 3 2 4 0 .7 3 5 7 0 .7 3 8 9 0 .7 4 2 2 0 .7 4 5 4 0 .7 4 8 6 0 .7 5 1 7 0 .7 5 4 9
4- 0 .7 0 .7 5 8 0 0 .7 6 1 1 0 .7 6 4 2 0 .7 6 7 3 0 .7 7 0 4 0 .7 7 3 4 0 .7 7 6 4 0 .7 7 9 4 0 .7 8 2 3 0 .7 8 5 2
4 -0 .8 0 .7 8 8 1 0 .7 9 1 0 0 .7 9 3 9 0 .7 9 6 7 0 .7 9 9 5 0 .8 0 2 3 0 .8 0 5 1 0 .8 0 7 9 0 .8 1 0 6 0 .8 1 3 3
4 -0.9 0 .8 1 5 9 0 .8 1 8 6 0 .8 2 1 2 0 .8 2 3 8 0 .8 2 6 4 0 .8 2 8 9 0 .8 3 1 5 0 .8 3 4 0 0 .8 3 0 5 0 .8 3 8 9
4- 1.0 0 .8 4 1 3 0 .8 4 3 8 0 .8 4 6 1 0 .8 4 8 5 0 .8 5 0 8 0 .8 5 3 1 0 .8 5 5 4 0 .8 5 7 7 0 .8 5 9 9 0 .8 6 2 1
4 - 1.1 0 .8 6 4 3 0 .8 6 6 5 0 .8 6 8 6 0 .8 7 0 8 0 .8 7 2 9 0 .8 7 4 9 0 .8 7 7 0 0 .8 7 9 0 0 .8 8 1 0 0 .8 8 3 0
4- 1.2 8 .8 8 4 9 0 .8 8 6 9 0 .8 8 8 8 0 .8 9 0 7 0 .8 9 2 5 0 . S 944 0 .8 9 6 2 0 .8 9 8 0 0 .8 9 9 7 0 .9 0 1 5
4- 1.3 0 .9 0 3 2 0 .9 0 4 9 0 .9 0 6 6 0 .9 0 8 2 0 .9 0 9 9 0 .9 1 1 5 0 .9 1 3 1 0 .9 1 4 7 0 .9 1 6 2 0 .9 1 7 7
4 - 1.4 0 .9 1 9 2 0 .9 2 0 7 0 .9 2 2 2 0 .9 2 3 6 0 .9 251 0 .9 2 6 5 0 .9 2 7 9 0 .9 2 9 2 0 .9 3 0 6 0 .9 3 1 9
4 - 1.5 0 .9 3 3 2 0 .9 3 4 5 0 .9 3 5 7 0 .9 3 7 0 0 .9 3 8 2 0 .9 3 9 4 0 .9 4 0 6 0 .9 4 1 8 0 .9 4 2 9 0 .9 4 4 1
4- 1.6 0 .9 4 5 2 0 .9 4 6 3 0 .9 4 7 4 0 .9 4 8 4 0 .9 4 9 5 0 .9 5 0 5 0 .9 5 1 5 0 .9 5 2 5 0 .9 5 3 5 0 .9 5 4 5
4- 1.7 0 .9 5 5 4 0 .9 5 6 4 0 .9 5 7 3 0 .9 5 8 2 0 .9 5 9 1 0 .9 5 9 9 0 .9 6 0 8 0 .9 6 1 6 0 .9 6 2 5 0 .9 6 3 3
+  1.8 0 .9 6 4 1 0 .9 6 4 9 0 .9 6 5 6 0 .9 6 6 4 0 .9 6 7 1 0 .9 6 7 8 0 .9 6 8 6 0 .9 6 9 3 0 .9 6 9 9 0 .9 7 0 6
+  1.9 0 .9 7 1 3 0 .9 7 1 9 0 .9 7 2 6 0 .9 7 3 2 0 .9 7 3 8 0 .9 7 4 4 0 .9 7 5 0 0 .9 7 5 6 0 .9 7 6 1 0 .9 7 6 7
+  2.0 0 .9 7 7 3 0 .9 7 7 8 0 .9 7 8 3 0 .9 7 8 8 0 .9 7 9 3 0 .9 7 9 8 0 .9 8 0 3 0 .9 8 0 8 0 .9 8 1 2 0 .9 8 1 7
+  2.1 0 .9 8 2 1 0 .9 8 2 6 0 .9 8 3 0 0 .9 8 3 4 0 . 9 S 38 0 .9 8 4 2 0 .9 8 4 6 0 .9 8 5 0 0 .9 8 5 4 0 .9 8 5 7
+  2.2 0 .9 8 6 1 0 .9 8 6 4 0 .9 8 6 8 0 .9871 0 .9 8 7 5 0 .9 8 7 8 0 .9 8 8 1 0 .9 8 8 4 0 .9 8 8 7 0 .9 8 9 0
+  2.3 0 .9 8 9 3 0 .9 8 9 6 0 .9 8 9 8 0 .9 901 0 .9 9 0 4 0 .9 9 0 6 0 .9 9 0 9 0 .9 9 1 1 0 .9 9 1 3 0 .9 9 1 6
+  2.4 0 .9 9 1 8 0 .9 9 2 0 0 .9 9 2 2 0 .9 9 2 5 0 .9 9 2 7 0 .9 9 2 9 0 .9 9 3 1 0 .9 9 3 2 0 .9 9 3 4 0 .9 9 3 6
+  2.5 0 .9 9 3 8 0 .9 9 4 0 0 .9 9 4 1 0 .9 9 4 3 0 .9 9 4 5 0 .9 9 4 6 0 .9 9 4 8 0 .9 9 4 9 0 .9 9 5 1 0 .9 9 5 2
+  2.6 0 .9 9 5 3 0 .9 9 5 5 0 .9 9 5 6 0 .9 9 5 7 0 .9 9 5 9 0 .9 9 6 0 0 .9 9 6 1 0 .9 9 6 2 0 .9 9 6 3 0 .9 9 6 4
+ 2.7 0 .9 9 6 5 0 .9 9 6 6 0 .9 9 6 7 0 .9 9 6 8 0 .9 9 6 9 0 .9 9 7 0 0 .9 9 7 1 0 .9 9 7 2 0 .9 9 7 3 0 .9 9 7 4
+  2.8 0 .9 9 7 4 0 .9 9 7 5 0 .9 9 7 6 0 .9 9 7 7 0 .9 9 7 7 0 .9 9 7 8 0 .9 9 7 9 0 .9 9 7 9 0 .9 9 8 0 0 .9 9 8 1
+  2.9 0 .9 9 8 1 0 .9 9 8 2 0 .9 9 8 3 0 .9 9 8 3 0 .9 9 8 4 0 .9 9 8 4 0 .9 9 8 5 0 . 9 9 S 5 0 .9 9 8 6 0 .9 9 8 6
+  3.0 0 .9 9 8 6 5 0 .9 9 8 6 9 0 .9 9 8 7 4 0 .9 9 8 7 8 0 .9 9 8 8 2 0 .9 9 8 8 6 0 .9 9 8 8 9 0 .9 9 8 9 3 0 .9 9 8 9 6 0 .9 9 9 0 0
+  3.1 0 .9 9 9 0 3 0 .9 9 9 0 6 0 .9 9 9 1 0 0 .9 9 9 1 3 0 .9 9 9 1 5 0 .9 9 9 1 8 0 .9 9 9 2 1 0 .9 9 9 2 4 0 .9 9 9 2 6 0 .9 9 9 2 9
+  3.2 0 .9 9 9 3 1 0 .9 9 9 3 4 0 .9 9 9 3 6 0 .9 9 9 3 8 0 .9 9 9 4 0 0 .9 9 9 4 2 0 .9 9 9 4 4 0 .9 9 9 4 6 0 .9 9 9 4 8 0 .9 9 9 5 0
+  3.3 0 .9 9 9 5 2 0 .9 9 9 5 3 0 .9 9 9 5 5 0 .9 9 9 5 7 0 .9 9 9 5 8 0 .9 9 9 6 0 0 .9 9 9 6 1 0 .9 9 9 6 2 0 .9 9 9 6 4 0 .9 9 9 6 5
+  3.4 0 .9 9 9 6 6 0 .9 9 9 6 7 0 .9 9 9 6 9 0 .9 9 9 7 0 0 .9 9 9 7 1 0 .9 9 9 7 2 0 .9 9 9 7 3 0 .9 9 9 7 4 0 .9 9 9 7 5 0 .9 9 9 7 6
+ 3 .5 0 .9 9 9 7 7 0 .9 9 9 7 8 0 .9 9 9 7 8 0 .9 9979 0 .9 9 9 8 0 0 .9 9981 0 .9 9 9 8 1 0 .9 9 9 8 2 0 . 9 9 9 S 3 0 .9 9 9 8 3
Source : Eugene L. Grant, “ Statistical Quality Control,” 3d ed., McGraw-Hill Book Company, New York, 1964.
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Table A-2 Critical Values o f Student's t Distribution
\  (X T w o - t a i l  C r i t i c a l  V a lu e s
V 0 .5 0 0 .2 5 0 .1 0 0 .0 5 0 .0 2 5 0.01 0 .0 0 5
1 1 .00000 2 .4142 6 .3138 12 .706 25 .4 5 2 6 3 .6 5 7 127 .32
2 0 .8 1 6 5 0 1.6036 2 .9 2 0 0 4 .3 0 2 7 6 .2 0 5 3 9 .9 2 4 8 14.089
3 0 .7 6 4 8 9 1.4226 2 .3 5 3 4 3 .1825 4 .1 7 6 5 5 .8 4 0 9 7 .4533
4 0 .7 4 0 7 0 1.3444 2.1318 2 .7 7 6 4 3 .4 9 5 4 4.6041 5 .5 9 7 6
5 0 .7 2 6 6 9 1.3009 2 .0 1 5 0 2 .5 7 0 6 3 .1 6 3 4 4.0321 4 .7 7 3 3
6 0 .7 1 7 5 6 1.2733 1.9432 2 .4469 2 .9 6 8 7 3 .7 0 7 4 4.-3168
7 0 .7 1 1 1 4 1.2543 1.8946 2 .3 6 4 6 2 .8 4 1 2 3 .4995 4 .0 2 9 3
8 0 .7 0 6 3 9 1.2403 1.8595 2 .3 0 6 0 2 .7515 3 .3554 3 .8325
9 0 .7 0 2 7 2 1.2297 1.8331 2 .2622 2 .6 8 5 0 3.2498 3 .6 8 9 7
10 0.69981 1.2213 1.8125 2.2281 2 .6338 3 .1693 3 .5 8 1 4
11 0 .69745 1.2145 1.7959 2 .2 0 1 0 2.5931 3.1058 3 .4 9 6 6
12 0 .6 9 5 4 8 1.2089 1.7823 2.1788 2 .5 6 0 0 3 .0545 3 .4 2 8 4
13 0 .6 9 3 8 4 1.2041 1.7709 2 .1604 2 .5 3 2 6 3.0123 3 .3725
14 0 .6 9 2 4 2 1.2001 1.7613 2.1448 2 .5 0 9 6 2 .9768 3 .3 2 5 7
15 0 .6 9 1 2 0 1.1967 1.7530 2 .1315 2 .4 8 9 9 2 .9467 3 .2 8 6 0
16 0 .6 9 0 1 3 1.1937 1.7459 2 .1199 2 .4 7 2 9 2 .9208 3 .2 5 2 0
17 0 .6 8 9 1 9 1.1910 1.7396 2 .1098 2.4581 2 .8982 3 .2 2 2 5
18 0 .6 8 8 3 7 1.1887 1.7341 2 .1009 2 .4 4 5 0 2 .8 7 8 4 3 .1 9 6 6
19 0 .6 8 7 6 3 1.1866 1.7291 2 .0 9 3 0 2 .4 3 3 4 2 .8 6 0 9 3 .1737
20 0 .6 8 6 9 6 1.1848 1.7247 2 .0 8 6 0 2.4231 2 .8453 3 .1 5 3 4
21 0 .6 8 6 3 5 1.1831 1.7207 2 .0796 2 .4138 2 .8314 3 .1 3 5 2
22 0 .6 8 5 8 0 1.1816 1.7171 2 .0739 2 .4055 2 .8188 3 .1188
23 0 .68531 1.1802 1.7139 2 .0687 2 .3 9 7 9 2 .8073 3 .1 0 4 0
24 0 .6 8 4 8 5 1.1789 1.7109 2 .0639 2 .3 9 1 0 2 .7 9 6 9 3 .0905
25 0 .6 8 4 4 3 1.1777 1.7081 2 .0595 2 .3 8 4 6 2 .7 8 7 4 3 .0 7 8 2
26 0 .6 8 4 0 5 ! . '|7 6 6 1.7056 2 .0555 2 .3788 2 .7 7 8 7 3 .0669
27 0 .6 8 3 7 0 1.1757 1.7033 2 .0518 2 .3734 2 .7707 3 .0565
28 0 .6 8 3 3 5 1.1748 1.7011 2 .0 4 8 4 2 .3685 2 .7633 3 .0 4 6 9
29 0 .6 8 3 0 4 1.1739 1.6991 2 .0 4 5 2 2 .3638 2 .7 5 6 4 3 .0 3 8 0
30 0 .6 8 2 7 6 1.1731 1.6973 2 .0423 2 .3 5 9 6 2 .7 5 0 0 3 .0298
40 0 .6 8 0 6 6 1.1673 1.6839 2.0211 2 .3 2 8 9 2 .7 0 4 5 2 .9 7 1 2
60 0 .6 7 8 6 2 1.1616 1.6707 2 .0003 2.2991 2 .6 6 0 3 2 .9 1 4 6
120 0 .6 7 6 5 6 1.1559 1.6577 1.9799 2 .2 6 9 9 2 .6 1 7 4 2 .8 5 9 9
OC 0 .6 7 4 4 9 1.1503 1.6449 1.9600 2 .2 4 1 4 2 .5 7 5 8 2 .8 0 7 0
v  / 0 .  2 5 0 .  1 2 5 inoo 0 .  0 2 5 | 0 . 0 1 2 5 0 .  0 0 5 0 . 0 0 2 5
/  a O n e - t a i l  C r i t i c a l  V a lu e s
Source: E. S. Pearson, Critical Values of Student’s t Distribution, Biometrika, vol. 32 
pp. 168-181, 1941.
T able A  • 3 C ritica l Values o f  the F  D istribu tion
a =  0.05
\ 1 2 3 4 5 6 7 8 9
! 1 6 1 .4 5 1 9 9 .5 0 2 1 5 .7 1 2 2 4 .5 8 2 3 0 .1 6 2 3 3 .9 9 2 3 6 .7 7 2 3 8 .8 8 2 4 0 .5 4
2 1 8 .5 1 3 1 9 .0 0 0 1 9 .1 6 4 1 9 .2 4 7 1 9 .2 9 6 1 9 .3 3 0 1 9 .3 5 3 1 9 .3 7 1 1 9 .3 8 5
3 1 0 .1 2 8 9 .5 5 2 1 9 .2 7 6 6 9 .1 1 7 2 9 .0 1 3 5 8 .9 4 0 6 8 .8 8 6 8 8 .8 4 5 2 8 .8 1 2 3
4 7 .7 0 8 6 6 .9 4 4 3 6 .5 9 1 4 6 .3 8 8 3 6 .2 5 6 0 6 .1 6 3 1 6 .0 9 4 2 6 .0 4 1 0 5 .9 9 8 8
5 6 .6 0 7 9 5 .7 8 6 1 5 .4 0 9 5 5 .1 9 2 2 5 .0 5 0 3 4 .9 5 0 3 4 .8 7 5 9 4 .8 1 8 3 4 .7 7 2 5
6 5 .9 8 7 4 5 .1 4 3 3 4 .7 5 7 1 4 .5 3 3 7 4 .3 8 7 4 4 .2 8 3 9 4 .2 0 6 6 4 .1 4 6 8 4 .0 9 9 0
7 5 .5 9 1 4 4 .7 3 7 4 4 .3 4 6 8 4 .1 2 0 3 3 .9 7 1 5 3 .8 6 6 0 3 .7 8 7 0 3 .7 2 5 7 3 .6 7 6 7
8 5 .3 1 7 7 4 .4 5 9 0 4 .0 6 6 2 3 .8 3 7 8 3 .6 8 7 5 3 .5 8 0 6 3 .5 0 0 5 3 .4 3 8 1 3 .3 8 8 1
9 5 .1 1 7 4 4 .2 5 6 5 3 .8 6 2 6 3 .6 3 3 1 3 .4 8 1 7 3 .3 7 3 8 3 .2 9 2 7 3 .2 2 9 6 3 .1 7 8 9
10 4 .9 6 4 6 4 .1 0 2 8 3 .7 0 8 3 3 .4 7 8 0 3 .3 2 5 8 1 .2 1 7 2 1 .1 3 5 5 3 ,0 7 1 7 3 ,0 2 0 4
11 4 .8 4 4 3 3 .9 8 2 3 3 .5 8 7 4 3 .3 5 6 7 3 .2 0 3 9 3 .0 9 4 6 3 .0 1 2 3 2 .9 4 8 0 2 .8 9 6 2
1 2 4 .7 4 7 2 3 .8 8 5 3 3 .4 9 0 3 3 .2 5 9 2 3 .1 0 5 9 2 .9 9 6 1 2 .9 1 3 4 2 .8 4 8 6 2 .7 9 6 4
13 4 .6 6 7 2 3 .8 0 5 6 3 .4 1 0 5 3 .1 7 9 1 3 .0 2 5 4 2 .9 1 5 3 2 .8 3 2 1 2 .7 6 6 9 2 .7 1 4 4
14 4 .6 0 0 1 3 .7 3 8 9 3 .3 4 3 9 3 .1 1 2 2 2 .9 5 8 2 2 .8 4 7 7 2 .7 6 4 2 2 .6 9 8 7 2 .6 4 5 8
15 4 .5 4 3 1 3 .6 8 2 3 3 .2 8 7 4 3 .0 5 5 6 2 .9 0 1 3 2 .7 9 0 5 2 .7 0 6 6 2 .6 4 0 8 2 .5 8 7 6
16 4 .4 9 4 0 3 .6 3 3 7 3 .2 3 8 9 3 .0 0 6 9 2 .8 5 2 4 2 .7 4 1 3 2 .6 5 7 2 2 .5 9 1 1 2 .5 3 7 7
17 4 .4 5 1 3 3 .5 9 1 5 3 .1 9 6 8 2 .9 6 4 7 2 .8 1 0 0 2 .6 9 8 7 2 .6 1 4 3 2 .5 4 8 0 2 .4 9 4 3
18 4 .4 1 3 9 3 .5 5 4 6 3 .1 5 9 9 2 .9 2 7 7 2 .7 7 2 9 2 6 6 1 3 2 .5 7 6 7 2 .5 1 0 2 2 .4 5 6 3
19 4 .3 8 0 8 3 .5 2 1 9 3 .1 2 7 4 2 .8 9 5 1 2 .7 4 0 1 2 .6 2 8 3 2 .5 4 3 5 2 .4 7 6 8 2 .4 2 2 7
2 0 4 .3 5 1 3 3 .4 9 2 8 3 .0 9 8 4 2 .8 6 6 1 2 .7 1 0 9 2 .5 9 9 0 2 .5 1 4 0 2 .4 4 7 1 2 .3 9 2 8
21 4 .3 2 4 8 3 .4 6 6 8 3 .0 7 2 5 2 .8 4 0 1 2 .6 8 4 8 2 .5 7 2 7 2 .4 8 7 6 2 .4 2 0 5 2 .3 6 6 1
2 2 4 .3 0 0 9 3 .4 4 3 4 3 .0 4 9 1 2 .8 1 6 7 2 .6 6 1 3 2 .5 4 9 1 2 .4 6 3 8 2 .3 9 6 5 2 .3 4 1 9
23 4 .2 7 9 3 3 .4 2 2 1 3 .0 2 8 0 2 .7 9 5 5 2 .6 4 0 0 2 .5 2 7 7 2 .4 4 2 2 2 .3 7 4 8 2 .3 2 0 1
2 4 4 .2 5 9 7 3 .4 0 2 8 3 .0 0 8 8 2 .7 7 6 3 2 .6 2 0 7 2 .5 0 8 2 2 .4 2 2 6 2 .3 5 5 1 2 .3 0 0 2
25 4 .2 4 1 7 3 .3 8 5 2 2 .9 9 1 2 2 .7 5 8 7 2 .6 0 3 0 2 .4 9 0 4 2 .4 0 4 7 2 .3 3 7 1 2 .2 8 2 1
2 6 4 .2 2 5 2 3 .3 6 9 0 2 .9 7 5 1 2 .7 4 2 6 2 .5 8 6 8 2 .4 7 4 1 2 .3 8 8 3 2 .3 2 0 5 2 .2 6 5 5
27 4 .2 1 0 0 3 .3 5 4 1 2 .9 6 0 4 2 .7 2 7 8 2 .5 7 1 9 2 .4 5 9 1 2 .3 7 3 2 2 .3 0 5 3 2 .2 5 0 1
2 8 4 .1 9 6 0 3 .3 4 0 4 2 .9 4 6 7 2 .7 1 4 1 2 .5 5 8 1 2 .4 4 5 3 2 .3 5 9 3 2 .2 9 1 3 2 .2 3 6 0
2 9 4 .1 8 3 0 . 0 2 7 7 2 .9 3 4 0 2 .7 0 1 4 2 .5 4 5 4 2 .4 3 2 4 2 .3 4 6 3 2 .2 7 8 2 2 .2 2 2 9
3 0 4 .1 7 0 9 3 .3 1 5 8 2 .9 2 2 3 2 .6 8 9 6 2 .5 3 3 6 2 .4 2 0 5 2 .3 3 4 3 2 .2 6 6 2 2 .2 1 0 7
4 0 4 .0 8 4 8 3 .2 3 1 7 2 .8 3 8 7 2 .6 0 6 0 2 .4 4 9 5 2 .3 3 5 9 2 .2 4 9 0 2 .1 8 0 2 2 .1 2 4 0
6 0 4 .0 0 1 2 3 .1 5 0 4 2 .7 5 8 1 2 .5 2 5 2 2 .3 6 8 3 2 .2 5 4 0 2 .1 6 6 5 2 .0 9 7 0 2 .0 4 0 1
1 2 0 3 .9 2 0 1 3 .0 7 1 8 2 .6 8 0 2 2 .4 4 7 2 2 .2 9 0 0 2 .1 7 5 0 2 .0 8 6 7 2 .0 1 6 4 1 .9 5 8 8
00 3 .8 4 1 5 2 .9 9 5 7 2 .6 0 4 9 2 .3 7 1 9 2 .2 1 4 1 2 .0 9 8 6 2 .0 0 9 6 1 .9 3 8 4 1 .8 7 9 9
AUf
T able A - 3 C ritica l Values o f  the F  D istribu tion  (Continued)
a -  0.05
\ v‘ 10 12 15 20 24 30 40 60 120 ac
1 241.88 243.91 245.95 248.01 249.05 250.09 251.14 252.20 253.25 254.32 i
2 19.396 19.413 19.429 19.446 19.454 19.462 19.471 19.479 19.487 19.496
3 8.7855 8.7446 8.7029 8.6602 8.6385 8.6166 8.5944 8.5720 8.5494 8.5265 ;
4 5.9644 5.9117 5.8578 5.8025 5.7744 5.7459 5.7170 5.6878 5.6581 5.6281 |
5 4.7351 4.6777 4.6188 4.5581 4.5272 4.4957 4.4638 4.4314 4.3984 4.3650 |
6 4.0600 3.9999 3.9381 3.8742 3.8415 3.8082 3.7743 3.7398 3.7047 3.6688 1
7 3.6365 3.5747 3.5108 3.4445 3.4105 3.3758 3.3404 3.3043 3.2674 3.2298
8 3.3472 3.2840 3.2184 3.1503 3.1152 3.0794 3.0428 3.0053 2.9669 2.9276
9 3.1373 3.0729 3.0061 2.9365 2.9005 2.8637 2.8259 2.7872 2.7475 2.7067
10 2.9782 2.9130 2.8450 2.7740 2.7372 2.6996 2.6609 2.6211 2.5801 2.5379 |
11 2.8536 2.7876 2.7186 2.6464 2.6090 2.5705 2.5309 2.4901 2.4480 2.4045 S
12 2.7534 2.6866 2.6169 2.5436 2.5055 2.4663 2.4259 2.3842 2.3410 2.2962 !
13 2.6710 2.6037 2.5331 2.4589 2.4202 2.3803 2.3392 2.2966 2.2524 2.2064
14 2.6021 2.5342 2.4630 2.3879 2.3487 2.3082 2.2664 2.2230 2.1778 2.1307 ;
15 2.5437 2.4753 2.4035 2.3275 2.2878 2.2468 2.2043 2.11»01 2.1141 2.0658 !
16 2.4935 2.4247 2.3522 2.2756 2.2354 2.1938 2.1507 2.1058 2.0589 2.0096 j
17 2.4499 2.3807 2.3077 2.2304 2.1898 2.1477 2.1040 2.0584 2.0107 1.9604 |
18 2.4117 2.3421 2.2686 2.1906 2.1497 2.1071 2.0629 2.0166 1.9681 1.9168 |
19 2.3779 2.3080 2.2341 2.1555 2.1141 2.0712 2.0264 1.9796 1.9302 1.8780 i
20 2.3479 2.2776 2.2033 2.1242 2.0825 2.0391 1.9938 1.9464 1.8963 1.8432 i
21 2.3210 2.2504 2.1757 2.0960 2.0540 2.0102 1.9645 1.9165 1.8657 1.8117
22 2.2967 2.2258 2.1508 2.0707 2.0283 1.9842 1.9380 1.8895 1.8380 1.7831 :
23 2.2747 2.2036 2.1282 2.0476 2.0050 1.9605 1.9139 1.8649 1.8128 1.7570 !
24 2.2547 2.1834 2.1077 2.0267 1.9838 1.9390 1.8920 1.8424 1.7897 1.7331
25 2.2365 2.1649 2.0889 2.0075 1.9643 1.9192 1.8718 1.8217 1.7684 1.7110
26 2.2197 2.1479 2.0716 1.9898 1.9464 1.9010 1.8533 1.8027 1.7488 1.6906
27 2.2043 2.1323 2.0558 1.9736 1.9299 1.8842 1.8361 1.7851 1.7307 1.6717
28 2.1900 2.1179 2.0411 1.9586 1.9147 1.8687 1.8203 1.7689 1.7138 1.6541
29 2.1768 2.1045 2.0275 1.9446 1.9005 1.8543 1.8055 1.7537 1.6981 1.6377
30 2.1646 2.0921 2.0148 1.9317 1.8874 1.8409 1.7918 1.7396 1.6835 1.6223
40 2.0772 2.0035 1.9245 1.8389 1.7929 1.7444 1.6928 1.6373 1.5766 1.5089
60 1.9926 1.9174 1.8364 1.7480 1.7001 1.6491 1.5943 1.5343 1.4673 1.3893
120 1.9105 1.8337 1.7505 1.6587 1.6084 1.5543 1.4952 1.4290 1.3519 1.2539
oo 1.8307 1.7522 1.6664 1.5705 1.5173 1.4591 1.3940 1.3180 1.2214 1.0000
a  =  0  01
T a b le  A -4  C r itic a l Values o f  the F  D istr ib u tio n
X ; I 2 3 4 5 6 7 8 9
i 4052.2 4999.5 5403.3 5624.6 '5-63.7 5859.0 5928.3 5981.6
---- >
6022.5*> 98.503 99.000 99.166 99.249 99.299 99.332 99.356 99.374 99.388
3 34.1 16 30.817 29.457 28.710 28.237 27.911 27.672 27.489 27.345
4 21.198 18.000 16.694 15.977 15.522 15.207 14.976 14.799 14.659
5 16.258 13.274 12.060 11.392 10.967 10.672 10.456 10.289 10.158
6 13.745 10.925 9.7795 9.1483 8.-459 8.4661 8.2600 8.1016 7.97617 12.246 9.5466 8.4513 7.8467 -.4604 7.1914 6.9928 6.8401 6.7188
8 11.259 8.6491 7.5910 7.0060 6.6318 6J-07 6.1776 6.0289 5.9106
9 10.561 8.0215 6.9919 6.4221 6 0569 5.8018 5.6129 5.4671 5.3511
10 10.044 7.5594 6.5523 5.9943 5.6363 5.3858 5.2001 5.0567 4.9424
11 9.6460 7.2057 6.2167 5.6683 5.3160 5.0692 4.8861 4.7445 4.6315
12 9.3302 6.9266 5.9526 5.4119 5.0643 4.8206 4.6395 4.4994 4.3875
13 9.0738 6.7010 5.7394 5.2053 4.8616 4.6204 4.4410 4.3021 4.191 1
14 8.8616 6.5149 5.5639 5.0354 4.6950 4.4558 4.2779 4.1399 4.0297
15 8.6831 6.3589 5.41-0 4.8932 4.5556 4.3183 4.1415 4.0045 3.8948
16 8.5310 6.2262 5.2922 4.7726 4.4374 4.2016 4.0259 3.8896 3.7804
17 8.3997 6.1121 5.1850 4.6690 4.3359 4.1015 3.9267 3.7910 3.6822
18 8.2854 6.0129 5.0919 4.5790 4.2479 4.0146 3.8406 3.7054 3.5971
19 8.1850 5.9259 5.0103 4.5003 4.1708 3.9386 3.7653 3.6305 3.5225
20 8.0960 5.8489 4.9382 4.4307 4.1027 3.8714 3.6987 3.5644 3.4567
21 8.0166 5.7804 4.8740 4.3688 4.0421 3.81 17 3.6396 3.5056 3.3981-) T 7.9454 5.7190 4.8166 4.3134 3.9880 3.7583 3.5867 3.4530 3.3458
23 7.881 1 5.6637 4.-649 4.2635 3.9392 3.7102 3.5390 3.4057 3.2986
24 7.8229 5.6136 4.7181 4.2184 3.8951 3.6667 3.4959 3.3629 3.2560
25 7.7698 5.5680 4.6755 4.1774 3.8550 3.6272 3.4568 3.3239 3.2172
26 7.7213 5.5263 4.6366 4.1400 3.8183 3.5911 3.4210 3.2884 3.1818
27 7.6767 5.4881 4.6009 4.1056 3.7848 3.5580 3.3882 3.2558 3.1494
28 7.6356 5.4529 4.5681 4.0740 3.7539 3.5276 3.3581 3.2259 3.1 195
29 7.5976 5.4205 4.5378 4.0449 3.7254 3.4995 3.3302 3.1982 3.0920
30 7.5625 5.3904 4.5097 4.0179 3.6990 3.4735 3.3045 3.1726 3.0665
40 7.3141 5.1785 4.3126 3.8283 3.5138 3.2910 3.1238 2.9930 2.8876
60 7.0771 4.9774 4.1259 3.6491 3.3389 3.1 187 2.9530 2.8233 2.7185
120 6.8510 4.7865 3.9493 3.4796 3.1735 2.9559 2.7918 2.6629 2.5586
J Z 6.6349 4.6052 3.7816 3.3192 3.0173 2.8020 2.6393 2.5113 2.4073
T able A -4  C r itica l Values o f  the F  D istribu tion  (Continued)
a =  o.oi
\ V1 10 12 15 20 24 30 40 60 120 oo
1 6055.8 6106.3 6157.3 6208.7 6234.6 6260.7 6286.8 6313.0 6339.4 6366.0
2 99.399 99.416 99.432 99.449 99.458 99.466 99.474 99.483 99.491 99.501
3 27.229 27.052 26.872 26.690 26.598 26.505 26.411 26.316 26.221 26.125
4 14.546 14.374 14.198 14.020 13.929 13.838 13.745 13.652 13.558 13.463
5 10.051 9.8883 9.7222 9.5527 9.4665 9.3793 9.2912 9.2020 9.1118 9.0204
6 7.8741 7.7183 7.5590 7.3958 7.3127 7.2285 7.1432 7.0568 6.9690 6.8801
7 6.6201 6.4691 6.3143 6.1554 6.0743 5.9921 5.9084 5.8236 5.7372 5.6495
8 5.8143 5.6668 5.5151 5.3591 5.2793 5.1981 5.1156 5.0316 4.9460 4.8588
9 5.2565 5.1114 4.9621 4.8080 4.7290 4.6486 4.5667 4.4831 4.3978 4.3105
10 4.8492 4.7059 4.5582 4.4054 4.3269 4.2469 4.1653 4.0819 3.9965 3.9090
11 4.5393 4.3974 4.2509 4.0990 4.0209 3.9411 3.8596 3.7761 3.6904 3.6025
12 4.2961 4.1553 4.0096 3.8584 3.7805 3.7008 3.6192 3.5355 3.4494 3.3608
13 4.1003 3.9603 3.8154 3.6646 3.5868 3.5070 3.4253 3.3413 3.2548 3.1654
14 3.9394 3.8001 3.6557 3.5052 3.4274 3.3476 3.2656 3.1813 3.0942 3.0040
15 3.8049 3.6662 3.5222 3.3719 3.2940 3.2141 3.1319 3.0471 2.9595 2.8684
16 3.6909 3.5527 3.4089 3.2588 3.1808 3.1007 3.0182 2.9330 2.8447 2.7528
17 3.5931 3.4552 3.3117 3.1615 3.0835 3.0032 2.9205 2.8348 2.7459 2.6530
18 3.5082 3.3706 3.2273 3.0771 2.9990 2.9185 2.8354 2.7493 2.6597 2.5660
19 3.4338 3.2965 3.1533 3.0031 2.9249 2.8442 2.7608 2.6742 2.5839 2.4893
20 3.3682 3.2311 3.0880 2.9377 2.8594 2.7785 2.6947 2.6077 2.5168 2.4212
21 3.3098 3.1729 3.0299 2.8796 2.8011 2.7200 2.6359 2.5484 2.4568 2.3603
22 3.2576 3.1209 2.9780 2.8274 2.7488 2.6675 2.5831 2.4951 2.4029 2.3055
23 3.2106 3.0740 2.9311 2.7805 2.7017 2.6202 2.5355 2.4471 2.3542 2.2559
24 3.1681 3.0316 2.8887 2.7380 2.6591 2.5773 2.4923 2.4035 2.3099 2.2107
25 3.1294 2.9931 2.8502 2.6993 2.6203 2.5383 2.4530 2.3637 2.2695 2.1694
26 3.0941 2.9579 2.8150 2.6640 2.5848 2.5026 2.4170 2.3273 2.2325 2.1315
27 3.0618 2.9256 2.7827 2.6316 2.5522 2.4699 2.3840 2.2938 2.1984 2.0965
28 3.0320 2.8959 2.7530 2.6017 2.5223 2.4397 2.3535 2.2629 2.1670 2.0642
29 3.0045 2.8685 2.7256 2.5742 2.4946 2.4118 2.3253 2.2344 2.1378 2.0342
30 2.9791 2.8431 2.7002 2.5487 2.4689 2.3860 2.2992 2.2079 2.1107 2.0062
40 2.8005 2.6648 2.5216 2.3689 2.2880 2.2034 2.1142 2.0194 1.9172 1.8047
60 2.6318 2.4961 2.3523 2.1978 2.1154 2.0285 1.9360 1.8363 1.7263 1.6006
120 2.4721 2.3363 2.1915 2.0346 1.9500 1.8600 1.7628 1.6557 1.5330 1.3805
OO 2.3209 2.1848 2.0385 1.8783 1.7908 1.6964 1.5923 1.4730 1.3246 1.0000
Source: E. S. Pearson, Tables of Percentage Points of the Inverted Beta (F) Distribution, 
B io m e t r ik a , vol. 32, pp. 73-88, 1943.
Al 7
T able A -5 Values o f  the C orrela tion  Coefficient 
f o r  D ifferent L evels o f  Significance
V a =  0.10 0.05 0.02 0.01
1 0.98769 0.996917 0.9995066 0.9987662 0.90000 0.95000 0.98000 0.990000
3 0.8054 0.8783 0.93433 0.958734 0.7293 0.8114 0.8822 0.91720
5 0.6694 0.7545 0.8329 0.8745
6 0.6215 0.7067 0.7887 0.83437 0.5822 0.6664 0.7498 0.7977
8 0.5494 0.6319 0.7155 0.7646
9 0.5214 0.6021 0.6851 0.7348
10 0.4973 0.5760 0.6581 0.7079
11 0.4762 0.5529 0.6339 0.6835
12 0.4575 0.5324 0.6120 0.6614
13 0.4409 0.5139 0.5923 0.6411
14 0.4259 0.4973 0.5742 0.6226
15 0.4124 0.4821 0.5577 0.6055
16 0.4000 0.4683 0.5425 0.5897
17 0.3887 0.4555 0.5285 0.5751
18 0.3783 0.4438 0.5155 0.5614
19 0.3687 0.4329 0.5034 0.5487
20 0.3598 0.4227 0.4921 0.5368
25 0.3233 0.3809 0.4451 0.4869
30 0.2960 0.3494 0.4093 0.4487
35 0.2746 0.3246 0.3810 0.4182
40 0.2573 0.3044 0.3578 0.3932
45 0.2428 0.2875 0.3384 0.3721
50 0.2306 0.2732 0.3218 0.3541
60 0.2108 0.2500 0.2948 0.3248
70 0.1954 0.2319 0.2737 0.3017
80 0.1829 0.2172 0.2565 0.2830
90 0.1726 0.2050 0.2422 0.2673
100 0.1638 0.1946 0.2301 0.2540
For a total correlation, v  is 2 less than the number of pairs in the sample; for a partial corre 
Iation, the number of eliminated variates also should be subtracted.
Source: R. A. Fisher, “Statistical Methods for Research Workers,” Oliver & Boyd Ltd. 
Edinburgh and London, 1954.
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APPENDIX B.
MAIN STREAM LENGTH AND SLOPE.
1. Introduction.
Considerable time was spent measuring the main stream length 
and slope. They are catchment characteristics which are 
incorporated in many hydrological studies and it was initially 
considered would play an important role in this one. It was 
not the case. In the regression analysis most of the variance 
due to main stream length could be accounted for by catchment 
area. Thus when catchment area was entered into the equation 
main stream length no longer became significant. The main 
stream slope also was insignificant in the regression analysis.
Although these characteristics did not enter the regression 
it is appropriate to report some of the findings. In particular 
the variability of the length measure and the relationship 
betv/een different slope indices are described.
Z, Main Stream Length.
This characteristic was measured from the gauging station to 
the top of the catchment. The method used was to mark 
incremental steps on a work sheet as it was moved around the 
stream meanders. Where a major tributory was encounted 
measurement was continued along the stream which subjectively 
appeared to drain the larger area. The total length marked
B2
on the work sheet was then scaled from the topographical 
map used which was generally 1 : 100,000. This scale was
selected because in most cases all the catchment was contained 
on only one or two maps and the contour interval was satisfact­
ory for the slope measurements. Where a 1 : 100,000 map scale
was unavailable the one which gave appropriate coverage for 
the catchment area was selected. Map scales from 1 : 25,000
up to 1 : 250,000 were used.
Use of different map scales results in a certain inconsistency 
in measured values. It is thus appropriate to consider the 
values of length obtained for selected catchments with those 
reported by other researchers. This is done so in Table B1.
The Table illustrates how variable this index is. The values 
by Boyd are consistently low and this is due in part, no 
doubt, to the map scale of 1 : 250,000 used. The variation
resulting is up to ¿fC% (Station 206015) below the highest 
value. In general there is more than a 10% variation between 
highest and lowest estimate.
In conclusion it can be stated that the measure of main stream 




COMPARISON OF VALUES OF MAIN STREAM LENGTH
(Note Figure in Brackets is Map Scale Used as
1 : ,000 ie 30 is 1 : 3 0 ,000)
All Vales in Km.
STN. STUDY BOYD Mc 8c P C & W
201 001 28.9 21+« 2 2 7 .0 -
(50) (2 5 )
20 30 13 3 K 7 2 3 .2 3 2 .0 3 0 .0
(50) (2 5 )
201+017 2 2 .6 17.2 21).. 8 1 7 .5
( 1 00 ) (3 2 )
201+019 3 3 .6 28.6 3 7 .6 36.0
(100) (3 2 )
201+020 1+6.0 1+3.0 1+9.1 ¿+3.0
(100) (3 2 )
206001 37.0 28.0 1+5 .1 38.0
(100) * (2 3 )
206010 11+. 8 1 2 .7 13.9 11.6
(1 00) (3 2 )
206015 36.1 22.2 37.1 31+.0
(10 0) (2 5 )
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20.5 - 20 18.3
(100) (3 2 )
28.5 25.6 30 .1 38
(100)
= National gauging station number.
= Value measured in this study.
= Value reported by Boyd 1978b - all values
1 : 250,000.
= McDermott & Pilgrim 1980.
C & W = Cordery & Webb 197^» (No scale advised)
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The three measures of main stream slope used in this study were 
chosen because they ranged from the simple (S1085) to the 
complex (SARR) in their calculation. Unfortunately they all 
give different results and it is of interest to compare the 
values and determine any relationship between them.
To gain a qualitative appreciation of the variation between 
the measures in relation to the stream profile a plot of the 
stream longitudinal sections are provided. The three slopes 
are indicated on the drawings.
3« Main Stream Slope.
The relationship between the variables can be quantified by 
performing simple linear bivariate regression analysis. The 
results of this analysis in terms of a linear equation and 
scattergrams of the relationships are provided below.
a) SI 085.
SI 085 is defined by the equation
SI 085
~  E10 *  E85
0.85L - 0.1L
where
E.j q = Elevation at a distance 0.1 L upstream of the
gauging station.
levation at a distance 0o85L upstream of the
- B6 - .
gauging station.
L = Wain stream length.
The index has been used by Thomas & Benson (1970), Flood Studies
Report (1975) and Boyd (1978b).
The relationships with the other indices are:
S1085 = 1 . 2 4  S J M R  + 0 .0 0 3 (m/km)
with correlation coefficient
r = 0.94
and Standard 12rror of Estimate
SEE = If. 08 m/km
and
SI 085 = 0.95 SAriR - O . k S  ■
with
r = 0 .9 0
SEE = 3 . H
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b ) SDMR.
This index is calculated by modifying equation 5 from DMR form 




L = Main stream length. km
The measure is also termed the weighted average slope and is 
also referenced in A.R.&R. (1977) Figure 8.A*
= 2 . Area m/km
= Area under the stream profile curve and above 
the guaging station elevation in m.km.
The relationship with the other variables is given by:
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SEE = 3.1
Scattergrams are given in Figures B3 and Bi+.
c) SARR.
This is also known as the Taylor Schwarz Slope and is given 





Channel length of sub unit i (km).
S.l Channel slope of sub unit i (m/km).
The relationship with the other variables is




SARR = 1.18 SDMR +2.01
with
r = 0.9/+
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Scattergrams are given in Figures B5 and 336 .
The above, results show there is a significant variation between 
the different slope measures although they are all strongly 
correlated. The regression analysis did not provide any 
indication as to the better measure and there is no basis for 
a quantitative evaluation from the information provided in 
this appendix.
From a qualitative viewpoint the SI 035 is the least reliable 
as it is determined from only two points on the stream profile. 
However it would be adequate for a quick analysis and can be 
readily converted to the other measure using the relationships 
presented. ,
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APPENDIX C ,
HAW DATA.
The following 12 pages of computer listing detail the raw data 
input prior to arithmetic and logarithmic transformations.
The data is grouped in the following catagories:
a) Dependent variables. (D2PVAR).
b) Annual Rainfall. (ANLRAIN).
c) Miscellaneous Climate Data. (CLIMATE)c
d) Geomorphic Characteristics. (GEOMORPH).
e) Slope and Main Stream Length. (SLOPES).
f) Regional Characteristics. (REGION).
Data is input in the order shown on the variable list (line 3 
of output). A description of the variables is provided under 
VAR LABELS (line Arithmetic transforms are detailed in
COMPUTE statements where applicable. The transformations are
not listed.
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The following 16 pages is a listing of the total correlation 
matrix of all variables used in the regression analysis.
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Various computer programmes were written to assist in the 
analysis. These programmes included
a) Slope Calculations - (SLOPE. CALC)
b) Stream longsection plotting - (SLOPE. LONGPLT )
c) Design Flood Estimates - (FLOOD. CALC2 )
The stream longsection plotting utilized Wollongong University 
Plotting Package for device independent plotting routines.
The flood estimating programme is based on Kite (1977). The 
confidence limits incorporate an allowance for skew and are 
thus slightly wider than for the skew = 0 situation detailed 
in A.R.&R. Table The variation is not of practical
significance.
The programmes are listed in the following 7 pages.
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CONTINUE ' '
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